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FOREWORD
This report presents the results of a study performed by
personnel in the Fluid Technology Application Section of the
Lockheed -Huntsville Research & Engineering Center in fulfill-
ment of the requirements of Contract NAS8-33801 with NASA-
Marshall Space Flight Center. The NASA-MSFC contracting
officer's teclu-iical representative for this study was Joseph L.
Sims, ED33.
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SYMBOLS AND NOTATION
S ny ib"I	 Description
A	 area, in
AC A	 nozzle area ratio, dimensionless
D	 diameter, in.
M	 Mach number, dimensionless
M e	nozzle exit plane Mach number, dimensionless
tim	 mass flow rate, lbm/sec
P	 static pressure, lbf/in2
Pb	vehicle base region pressure, lbf/in2
Pc	nozzle chamber pressure, lbf/in2
Pc	 nozzle exit plane static pressure, lbf/in2
Pj	jet boundary static pressure, lbf/in2
To	nozzle chamber. temperature, R
Greek
y	 ratio of specific heats, dimensionless
b	 initial plume expansion angle measured from the nozzle
centerline, deg
V	 Prandtl-Meyer turning angle, deg
0	 nozzle wall angle, deg
Subscripts
b	 vehicle base region conditions
c	 nozzle chamber conditions
e	 nozzle exit plane conditions
j	 jet boundary conditions
on	 wind tunnel freestream conditions
Superscript
nozzle throat conditions
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1. INTRODUCTION AND SUMMARY
This study was conducted in support of an experimental program to
define power - on aerodynamic characteristics of the Space Shuttle over a
range of ascent trajectory conditions.
MSFC has developed procedures to simulate Space Shuttle launch vehicle
main propulsion jet plumes for use in aerodynamic wind tunnel tests using air
to simulate the rocket plume. These procedures will be used by Rockwell
International/Space Systems Group ( RI/SSG) in conducting power-on aerody-
namic wind tunnel tests of the thrust augmented Space Shuttle launch vehicle.
These procedures include similarity parameter definition, data analysis pro-
cedures and model nozzle design criteria to match values of the prototype
similarity parameters with the auxiliary air supply available at the wind tunnel.
The present form of the similarity parameter for base pressure match-
ing is
M. b.	 /M.6.
J —L.-	 _	 _J_
a b	 -	 a bMe y  Model
	 Me _ j Prototype
where the valLies of a and b are functions of the freestream Mach number.
M  is the Mach number on the plume boundary, 6  is the initial expansion
angle of the plume, y.J is the ratio of specific heats of the rocket exhaust gas
at the plume boundary and M e is the Mach number of the flow in the nozzle
exit plane at the nozzle lip. This form of the similarity parameter was
developed by the correlation of experimental base pressure data from a
number of model nozzles flowing Freon 14 (CF 4 ) as a prototype gas and air
as the simulant gas. No implicit similarity conditions were used in this
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correlation. This means that no single physical characteristic of the proto-
type engine needs to be matched by the model nozzle, Thus, for example,
it is permissible to change the nozzle exit wall angle in order to change 6 
to achieve the correct numerical value of the similarity parameter with the
model nozzle.
Sections 2 and 3 of this report present the computational steps of an
analytical procedure used to design an "envelope" of model nozzles (the
envelope is defined by nozzle exit plane Mach number, M e , and nozzle exit
wall angle, 0e ) which may be used to simulate Space Shuttle launch vehicle
main propulsion ,jet plumes over a specified range of ascent trajectory condi-
tions. Each nozzle in this "envelope" will be capable of achieving the desired
similarity parameter values within the restriction of a fixed maximum auxiliary
air pressure supply and mass flow rate unposed by the facility where the wind
tunnel te. sts will be conducted. The analytical procedure, though developed in
support of a Space Shuttle experimental program, is not limited to Space Shuttle
vehicle configuration applications. In fact, the analytical procedure may be
used to design model nozzles to simulate the prototype engine conditions of
any single body-single nozzle; single body-triple nozzle or triple body engine
system (see Fit;. 3.3 for a definition of these engine systems).
A description of a computer code which automates the analytical pro-
cedures used to cicsign the above "envelope" of model nozzles is presented
in Section 4 of this report. An example of the computer code input require-
ments and resultant outputs are presented for the wind tunnel test IA-604
planned for the NASA-Ames Research Center's 11 x 11 wind tunnel (Ref. l -1 ).
Final model nozzle designs and power sweep operating characteristics for
each of the desired flight conditions to be simulated in the wind tunnel tests
is presented for representative model nozzles that exist in the "envelope"
of designed model nozzles.
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L. OUTLINE OF THE ANALYTICAL. PROCEDURE:
This section presents an outline of the computational steps of a com-
puter code ur;ed to design model n: :ties which may be used to simulate the
prototype engine conditions of any sinll.r body-single nozzle. single body-triple
triple nozzle or triple body engine system. Eac,i model nozzle will be cap-
able of achitving the desired similarity parameter values within the restric-
tions of maximum air pressure supply and mass flow rate imposed by the
facility where• wind tunnel testing will be performed. Section 3 of this report
presents a more detailed discussion of each computational step performed
by the computer code as well as a discussion of the computer code input re-
quirements. It is strongly suggested that the computer code user make every
possible use of Sections 3 and 3 of this report when setting up his data deck.
Doing see will give the user a greater understanding of the model design
problem and the • actual use of the computer cede.
The basic equations employed by the computer code are given in Table
2-1. Examination of these equations indicates that the design problem can
be resolvetl by considering three primary variables to define the candidate
model nozzle. designs. These are: (1) model nozzle chamber pressure (Pc);
(L) mode l nozzle exit plane Mach tvunber (M t) or area ratio (Ae/A ); and
(3) model nozzle exit plane wall angle (0.e
Utilizing the nozzle flow analysis described in Ref . L-1 for a gaseous
only flow, or Ref.L_L for a gas-particle flow and all 	 plume Prandtl-
Meyer expansion calculation, a parametric variation of the above three
parameters is performed to define candidate model nozzle solutions which
satisfy the base pressure similarity parameter relationship
M . 6j )
M  b
e J model
iv^
M^ y .1
prototype
Z-1
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Table 2-1
BASIC EQUATIONS USED IN TILE: MODEL
NC)7./ 1,1•; DESIGN ANALYSIS
The nOZ41c design analysts is performed assuming that the model
nozclt will be flowing a constant ) simulant gar during the wind tunnel
tests, therefore:
)model	 )c	 )e	 )^	 constant	 (2.1)
M"	 M 6
t j ) model	 prototype
r
-1
1'
Inc	 I + – ^— M `	 12,31
ee
^L
(2.4)
I>
note: 1'b I'
)mil	 ., t .	 2
F' 1	 )M 2 1^ ^}; 1	 - 1 (2,51
) c + 1
A
Ale
C)c + l
+	
c2
^l	 Mil (2.6)
/
t,	 -	 I )Y-±tl ^ t
2
tail-t + It
1 Z
(D4 2 tan -I	( po t - 1 ) 1	 2 (2.7)
6i -
	 t,e + t,i - vr	 (2.8)
c
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The final result is an envelope of candidate model nozzles (the envelope is
defined by M e and 0e ) which may be used to simulate the flight conditions
that exist for all flight Mach numbers to be tested. The wall contour of the
actual model nozzle used in the wind tunnel test is arbitrary and left up to
the nozzle designer. Within the scope of the current technology it is felt
that a conical nozzle with v designed value of M e and 0e will suffice for all
cases.
O COMPUTATIONAL STEPS
The specific steps of the analytical procedure used to design model
nozzles are outlined below. With the exception of actually calculating the
value of sirilarity parameter in step 4, the first 6 steps of the analysis are
performed by the computer code user and input to the computer code in the
form of a data deck (see Section 4.2 for a description of the computer code
input requirements.) The remaining computational steps have been auto-
mated by the computer code.
1 . A schedule of flight Mach numbers that is to be simulated is
determined as a function of the test purpose.
2. For each flight Mach number to be simulated, the correspond-
ing values of freestream static pressure, P. , and prototype
nozzle chamber pressure, Pc , are determined.
3. A predicted value of base pressure ratio (Pb/Pr ) is set for
each flight Mach number to be simulated. The value of Pb/Poc
used is based upon experience gained from previous wind
tunnel tests.
4. Prototype plume similarity data are determined. These data,
together with the above Pb/Poo and Pc , are used to determine
the value: of prototype base pressure similarity parameter to
be simulated to ensure that base pressure matching occurs.
5. The physical restrictions of prototype nozzle exit diameter,
scale of the model nozzle, maximum pressure supply and
mass flow rate imposed by the facility are set.
6. A gasdynamic constraint on the ratio P e/Pb is set to ensure
that model nozzle flow separation does not occur. The minimum
allowable value of Pe/Pb determined experimentally is 0.60.
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7. Selei t a flight Mach number from the schedule of flight Mach
n%IIIII >ers
 
to be simulated.
K. Select a value of model nozzle exit plane Mach number. The
value (if M e, will be varied parametrically in subsequent itera-
tions. Selecting a specific vat ► v of Mach number gives the
model nozzle area ratio, Ae /A .
9. The next design parameter of concern is model ! -.azzle chamber
pressure, P., Selecting a specific value of 1 3 then permits the
calculation of jet or plume boundary Mach number, Mj . The
value of P. chosen is usually set equal to 50 1/6 of the maximum
available air pressure supply.
10. The value of bj can be found whic), ensures similarity using the
following relationship:
M a b M. 6.
bJ model
	 MJ model	 Mc ),j prototype
11. l. 'inally, the model no. zle exit plane wall angle, A 
r
, required to
achieve b,	 is then
•t ir►ode 1
Ae	
fij/	 + ve^	 - t"^l/model
	 model
	 model
Increme nting the value of M e and repeating steps 10 and 11 will
define it family of candidate nozzles which will; (1) ensure base
pressure matching for 'one" specified set of flight conditions and
satisfy the mass flow rate and maximum air pressure supply
constraints set by the test facility.
12.. Steps 7 through 11 are repeated for each of the flight Mach num-
bers to be simulated.
1 i. Once step 11. is completed, each family of candidate model nozzles
derived for a particular flight Mach number is checked to see which
nozzles are capable of simulating the flight conditions that exist for
all ether flight Mach numbers.
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14. The final result is an envelope of model - ,3.-.zles (the envelope is
defined by Me and 0e ) which may be used 	 simulate the flight
conditions that exist for all flight Mach wirnbers to be testes:.
IS. Calculate the power sweep operating characteristics for each
of the desired flight conditions to be simulated for representation
model nozzles that exist in the envelope.
A flow chart of a computer code used to design model nozzles which
meet MSFC base pressure similarity parameter criteria is presented in
Chart 2-1
2-5
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3. A DETAILED DESCRIPTION O; THE COMPUTATIONAL STEPS
OF A COMPUTER CODE USED TO DESIGN MODEL NOZZLES
WHICH MEET MSFC BASE PRESSURE
SIMILARITY PARAMETER CRITERIA
This section presents a detailed discussion of each computational step
as well as input requirements of a computer code used to design model nozzles
used to simulate the prototype engine conditions that exist over a specified
range of ascent trajectory conditions for any single body-single nozzle, single
body-triple nozzle or triple body engine system. The general engine systemi,
are defined in .Fig. 3-3. Each model nozzle will be capable ..i achieving the
desired similarity parameter values within the restriction of maximum air
pressure supply and mass flow rate imposed by the facility where wind tunnel
testing will be performed.
It is strongly suggested that the computer code user make every possible
use• of Sections L and 3 of this report when setting up his data deck. The user
will thus gain a greater understanding of the model nozzle design problem and
the actual use of the computer code.
3.1 FUNDi'kNIENTAL EQUATIONS
The basic equations employed by the computer code are presented
on the following page.
The nozzle design analysis is performed assuming that the model
nozzle will be flowing a constant y simulant gas during the wind tunnel
tests, therefore
ymodel yc = ye = yj = constant
3-1
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P	 2 ^•r
yy
13
	
pc
	1+—^—M^	 (3.3)
b
Nate: hb Y^
+ 1
A ' .	 1	 L	 )	 L
A	 ^	 ^•
l , Z	 1 Z
^^	 (^. { 11	 tan- 1	 ^ ) , + 1  1 (M ` - 1)	 - tan
_ 
1 (M 2 - 1)
	 (3.5)
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.Solving for M in Eqs. (3.2) and (3.3) yields
1	 1^2
y
M
2 (Lc')= y-1 P	 - 1
The equation for plume boundary initial angle is
(3.6)
(3.7)b = ©e + V - ve
	J 	 ^
and solving Eq. (3.7) for 9e yields
	
Oe	 b l + ve vJ
Base pressure matching is achieved when
Similarity Parameter model = Similarity Parameter) prototype
or.
r
M a: 	 a
 model	 e y J prototype
(See Symbols and Notation for description of variables.)
(3.8)
(3.9)
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Examination of Eqs. (3.1 ) through (3.9) indicates that the design problem
can be resolved by considering three primary variables to define the candidate
nwdel nozzle designs. 'These are: (1) model nuzzle chamber pressure (Pc);
(L) niod( I nuzzle exit plane Mach number (M e ) or a rea ratio (A A * ); and (3)
Model nozzle exit plane wall ai.glt (0 c`
Utilizing a nozzle flow analysis described in Ref.2-1 for a gaseous
only flow, or Ret. L-L for a gas-particle flow and an initial plume Prandtl-
Meyer expansion calculation, a parametric variation of the above three
parameters is performed to define candidate model nozzle solutions which
satisfy the base pressure similarity parameter relationship
a h
	
a l>M ).	 M )^.
` J model	 c J prototype
The final result is an envelope- of model nozzles (the envelope is defined by
M
e	 e
and (% ) which may be user to simulate the flight condition;i that exist for
all flight. Mach numbers to be tested. The wall contour of the actual model
no7.zle used in the wind tunnel test is arbitrary and left up to the nozzle
cler;igner. Within the scope of the current technology it is felt that a conical
nozzle with a designed value of M
e 
and C' 
e 
will suffice for all cases,
3.2 SIMILARITY PARAMETER DEFINI'T'ION AND APPLICATION
Before proceeding further in the description of the analytical design
techniques a better understanding of the similarity parameter and how it is
used in the data analysis stage of the test program is necessary.
I -
The similarity parameters used in this analysis have been supplied by
MSFC. The present similarity parameter (SP) used for base pressure match-
ing is of the general form
M. b.
SP	 J J	 (3.10))general	 Mayb
e J
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where the values of a and b are functions of freestream Mach number and
vehicle test configuration. This form of the similarity parameter was devel-
oped by the correlation of experimental base pressure data from a number of
model nozzles flowing Freon 14 (CF 4 ) as a prototype gas and air as the simu-
lant gas. No implicit similarity conditions were used in this correlation.
This means that no single physical characteristic of the prototype engine
needs to be matched by the model nozzle. Thus, for example, it is permiss-
able to change the nozzle exit wall angle in order to change 6 1 to achieve the
correct numerical value of the similarity parameter with the model nozzle.
The similarity parameter used in this analysis does not allow an explicit
determination of the vehicle base region pressure (Pb ) and therefore an implicit
procedure was developed. Figure 3-1 presents a typical base pressure match-
ing procedure utilizing the base pressure similarity parameter. The illustrated
curve of possible prototype base pressure ratio as a function of similarity
parameter can be computed knowing the prototype plume similarity data and
specifying the flight conditions and corresponding engine chamber pressure
values. Foi example, Table 3-1 presents prototype ;plume similarity data
for a solid rocket booster high performance motor calculated by the use of
a nozzle flow analysis described in Ref s.2-1 or 2-2. Table 3-2 presents a
range of flight conditions to be simulated during wind tunnel tests. Choosing
the flight conditions of PC
 
= 651.4 psia and P X = 8.441 psia for M = .796;00
multiplying P 	 by each value of 1.0/(PC 00	 c/Pb) of Table 3-1 will yield a proto-
type possibility curve similar to that of Fig. 3A. The wind tunnel test is con-
ducted at the same M = .796 while measurements are obtained at varying
model nozzle chamber pressure. Chamber pressure varies directly with
similarity parameter. The model nozzle is designed so that the experi-
mental chamber pressures chosen cause the similarity parameter) model
valises to fall within the prototype range of interest. The minimum
value of similarity parameter) model corresponds to that value of Pc that will
cause flow separation in the model nozzle. This has been experimentally
determined to occur for Pe/Pb < 0.60. The maximum value of similarity
parameter) model corresponds to either the maximum auxiliary air pressure
3-5
I (VKH1 11) HUN ISVILLE RI :,t AR( 14 & LNGINt t RING CENTI R
LMSC' -HR EC TR D7841 1 1
Prototype Conditions of M
1.0 r	 P
^n	 c
and P are Specified.
Power Sweep
Wind Tunnel
y	 Test Data
}^	 t>
	-------	 Design Value
	
.8	 I	 I
1	 I	 Prototype Possibility
1	 I	 curve
I	 1	 I
1
1	 II
	
.7	 I	 I
1	 I	 I
I	 I	 I
1	 1	 1
I	 1	 1
i	 1	 I
	.6 	 i
	
f'	 1	 I 	 SPSP	 maximumI	 1	 mininuin^	 I
I	 1	 I
I	 Sl'l^c,minal
I	 i
.5
20	 30	 40	 50	 60	 70	 80	 90	 100	 110 120
Similarity Parameter (Varies Directly with P )
Fig. 3-1 - Base Pressure Matching Procedure
Note: 1'hi s is a sample plot and does
not represent data presented
in Tables 3-1 and 3-2
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Table 3-1
PROTOTYPE PLUME SIMILARITY DATA FOR A SOLID ROCKET
BOOSTER HIGH PERFORMANCE MOTOR
P c /Pb M1
61 "i SP*
.37640+02 .26599+01 .10490+02 .12541+01 .17422+02
.47970+02 .27864+01 .14258+02 .12685+01 .24524+02
.61940+02 .29223+01 .18025+02 .12805+01 .32211+02
.80990+02 .30761+01 .21793+02 .12843+01 .40873+02
.10732+03 .32393+01 .25561+02 .12887+01 .50311 +02
.14428+03 .34131+01 .29329+02 .12914+01 .60603+02
.19694+03 .36005+01 .33096+02 .12997+01 .71792+02
.27355+03 .38026+01 .36864+02 .13062+01 .84034+02
.38720+03 .40212+01 .40632+02 .13124+01 .97486+02
.55923+03 .42585+01 .44395+02 .13184+01 .11229+03
.82.699+03 .45204 +01, .48167+02 .13248+01 .12869+03
.12551+04 .48153+01 .5193.5+02 .13326+01 .14695+03
.19609+04 .51499+01 .55703+02, .13406+01 .16756+03
.31679+04 .55320+01 .59471+02 .13485+01 .19104+03
.53173+04 .59676+01 .63237+02 .13559+01 .21793+03
.93368+04 .64766+01 .67006+02 .13627+01 .24937+03
.17281+05 .70874+01 .70774+02 .13687+01 .28697+03
"S p = M
i 
6i /(m, y^) where Me = 1.,6599.
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Table 3-2
FLIGHT CONDITIONS TO BE SIMULATED
DURING WIND TUNNEL TESTS
Mw Yb/Por Pe p SPnominal
.59700+00 .89000+00 .72000+03 .10542+02 .39132+02
.79600+00 .82500+00 .65140+03 .84410+01 .45703+02
.90000+00 .77000+00 .62450+03 .74250+01 .50925+02
.95000+00 .67500+00 .61020+03 .68770+01 .57365+02
.10480+01 .61000+00 .58000+03 .57250+01 .65664+02
.11000+01 .64000+00 .57130+03 .54770+01 .64987+02
.11480+01 .65000+00 .57000+03 .48270+01 .68890+02
.12490+01 .69000+00 .57620+03 .41050+01 .73000+02
.14030+01 .77000+00 .58600+03 .32760+01 ,77946+02
11
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supply or maximum mass flow rate capability of the test facility. In the data
analysis stage of the test program, the model Pb/P o versus similarity param-
eter)model is Plotted on the same graph with the prototype possibility curve.
The intersection of these two curves is the condition which simultaneously
satisfies both the prototype possibilities and the model actualities and thus
Similarity Parameter) model 
= 
Similarity Para met or) prototype
for the given flight conditions. It is this value of Pb, Pon that can be expected
during the actual flight of the prototype vehicle.
Equation (3.10) presents the general form of the base pressure similarity
parameter. More specifically, the similarity parameter takes three different
forms. They are:
M. b.
SP 1 = --- -I	where a = .25 and b = 1.0
Me y.i
M. a.
SP2 =	 where a = .25 and b = 0.5
M. a.
SP  v ---Z Y--
j
	where a = 0.0 and b = 1.0
^
The actual form of the similarity parameter used in the model nozzle design
analysis is a function of freestream Mach number and vehicle test configura-
tion to be considered during the wind tunnel tests.
Table 3 - 3 presents a schedule for the recommended use of each form
of the similarity parameter as a function of freestream Mach number and
3-9
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Table 3-3
SC11FD1JLE FOR THE RECOMMENDED USE OF EACH FORM
OF THE SIMILARY: Y PARAMETER AS A FUNCTION
OF FREESTREAM MACH NUMBER AND VEHICLE
TEST CONFIGURATION
Conf iguration
M o Single body Single Body
Single Nozzle Triple Nozzle Triple Body
0.9 SP1 = --	 2 5 -
M e 	)^
5P 1 = -- 0.25
Me y^
SP 1 = -^---
M^	 yj
1.
M. 6..
SP	
_ 
---(S-
M. b.
SP	 =	 ---0--- 25
M. b.
SP 1 = 5.25m e	 y^
1
me	 y^ me	 Yj
M. b .
1.46 SPZ ' 0..5	 5
M. b^.
SP 1	 o.L5M V Y^' M^. Yj
M. b. M. b.
3.48 S13	
-
-	 -J	 J
3 	 ^
J
SP	 = ---J--J
3
Y 
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vehicle test configuration. This table indicates that SP  is applicable for
most test cases; SP  has limited applications; and SP  is best suited for
hypersonic Mach numbers. Figure 3-Z defines the variables used in the
similarity parameters. Figure 3-3 defines the model test configurations
that may be tested using the recommended similarity parameters.
When using the computer code to perform the model nozzle design
analysis, the model nozzles should be designed using the specific similarity
parameters recommended in Table 3-3. However, it will ususally be found
that one model nozzle will satisfy all three similarity parameters and there-
fore the choice of similarity parameter is arbitrary.
3.3 COMPUTATIONAL STEPS
Figure 3-1 presents a typical base pressure matching procedure utiliz-
ing the base pressure similarity parameter. The following paragraphs present
a detailed discussion of each computational step used to design an envelope
of candidate model nozzles that may be used in this base pressure matching
procedure. With the exception of constraints 1 and l of Step 1, and the calcu-
lation of similarity parameters in Step 4, the first four steps of the analysis
are performed by the computer code user and input to the computer code in
the form of a data deck. (See Section 4-2 for a description of the computer
code input requirements.) The remaining computational steps have been
automated by the computer code.
Step One
There are a number of gasdvnamic and physical constraints that must
he considered during the design of the candidate model nozzles. The gasdy-
namic constraints are:
1 . The exit plane Mach number at the nozzle lip (Me)
must be supersonic. If M <I .0, the flow external
to the nozzle would affect the flow inside the nozzle
and therefore, the nozzle would not perform as it is
designed to. And Me > 1.0 allows a simple calcula-
tior. of 6i .
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k
C
Plume Boundary —/ \
b1 - plutnC boundary initial angle
M 	 plume boundary Mach number
M
e
 - exit plane Mac h number at nozzle lip
) ;	 ratio of specific heats on plume boundary
NSA	 wind tunnel freestream Mach nun ► berIx
k's	 wind tunnel freestreani static pressure
) '
.K,	 ratio of specific heats of wine tunnel freestream flow
Fig. 3-2. - Definition of Variables Used in the Similarity Parameters
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L. The nozzle exit wall angle (fi e ) must be greater than
0 deg. Wall angles less than 0 deg can cause strong
internal shucks resulting in subsonic exit plane Mach
numbers just discussed.
3. N gasdynarnic° constraint on the ratio P e/ Pb is set to
ensure that model nozzle flow separation does not
occur. The minimum allowable value of P e/Pb
 deter-
mined experimentally im 0,60.
It is desirable to have one nozzle simulate the flight conditions of a range of
Mach numbers. This constraint sets a limit on the maximum value of exit
plane Mach number (Me inax) that may be used for the nozzle design. For a
specified value of Pc
 and range of flight Mach numbers to be simulated, the
value of M 
`'tnax 
is determined at the lowest value of flight Mach number to
be simulated. In most cases, this also corresponds to that flight condition
where base. pressure (Pb ) is maximum.
The physical constraints to he set are those imposed by the facility
where testing is to be performed.
4. The restrictions of maximum air pressure supply and
mass flow rate are set. These constraints directly
affect the maximum obtainable value of similarity
parameter. 'phis is to say
Similarity Parameter>max
	 °C Pc)	 oc m)maxmax
The value of
	
max	 /Pc t 	used to determine SP)max is/
dither set directly by the test facility or as is most
often the case, determined as a function of 
m>maxas described in Constraint 5 to follow.
Constraints 3 and 4 are very important considerations in the design of
the model nozzles. In addition to setting a limit on the maximum value of Me
as already discussed; Constraint 3 also sets a limit on the minimum value of
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A
c 
that may be used for a given nozzle and act of flight conditions to be
simulated. Therefore, Constraint 3 sets SP)min in the esante manner as
Constraint 4 nets SO	 ormax
Similarity Parameter)min oc Pclmin
Therefore, a given candidate model nozzle may be eliminated from .further
consideration during the analysis simply by comparing the desired similarity
parameter)prototype to the S1P)m1n and SP)max lust established by Constraints
3 and 4.
5. The prototype nozzle exit plane diameter and scale
of the model nozzle are set. This constraint sets
the model nozzle exit plane diameter and allows a
direct calculatian of A for a given model nozzle M
The value of A * and the restriction on maximum mass
flow rate of Consiraint 4 yields the value of PO
max
used to calculate SOmax described above. Pc)/max
is calculated using the isentropic relationship for a
nozzle flowing air:
P	 _ 1 m0max4To
Jmax .5^	 A .
(3.11)
Step Two:
Determine a range of flight Mach numbers that is to be simulated during
testing. Keep in mind that both analytically and physically there is no "one"
nozzle that may be used to test an infinite range of .Mach numbers. Therefore,
as the range of flight Mach numbers to be simulated increases, the number of
possible model nozzle solutions decrease and eventually become non-existant.
This problem, and its solution will be discussed in detail later on in the analysis.
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Once a range of flight Mach numbers is determined it is necessary to
choose a schedule of flight Mach numbers to be simulaG—d during testing.
The schedule chosen will be a function of the test purpose. The actual
schedule chosen will not affect the final model nozzle design; this has already
been established when the range of flight Mach numbers to be tested has been
chosen. Therefore, there is no analytical design limitations introduced by
havinh a large number of flight Mach numbers simulated as long as they are
all within the specified range of flight Mach numbers.
St_ p Three:
Determine the values of freestream static pressure (Pf., ); prototype
nozzle chamber pressure (Pc ); and predicted base pressure ratio (P b// 	 )
for each flight Mach number to be tested. The result will be a set of flight
conditions to be simulated during wind tunnel tests similar to that presented
in Tablas 3-2. The values of P  and Pc
 are easily obtained as a function of
M W and/ or flight time. Data of this type are presented in motor performance
prediction and ascent trajectory prediction documentation such as Ref. 3-1
which is used to construct Table 3-2. The values of predicted base pressure
ratio used in the analysis are based upatn experience gained from previous
wind tunnel tests. Care should be taken to use the best possible value of
PUI PW
 for each MX . Referring to Step 1, Constraint 3, it is seen that a
conservative approach may be taken if ratios of Pb/P.0 slightly higher than
is actually expected at low MX
 are used in the analysis. This approach will
decrease the•
 i'naxinrurn allowable value of model nozzle exit plane Mach
number (M	 ) and therefore decrease the size of the family of candidate
e nnax
model nozzles.
Step Four:
Determine the prototype plume similarity data for the rocket engine
that the model nozzle is to simulate. Table 3-1 presents a sample of the
required data. Figure 3-Z presents a pictorial definition of the variables.
The tabulated values of Mj, 6  and yj are the plume boundary properties
corresponding to each value of P c/Pb . These properties are determined
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utilizing the nozzle flow analysis described in Ref. 2-1 fur a gaseous only
flow, or Ref.2-2 for a gas-particle flow and an initial plume Prandtl-Meyer
expansion calculation. The form of the similarity parameter to be used is
set according to the schedule presented in Table 3.3. The tabulated value
of the similarity parameter is calculated by the computer code.
Step Five:
Determine the value of similarity parameter required to ensure base
pressure matching at each scheduled M 
Oc 
to be simulated. This corresponds
to SP nominalin Table 3-2. First, a curve of possible prototype base pressure
ratio as a function of similarity parameter is computed as was discussed in
Section 3.2 and then plotted as in Fig. 3-4. Finally, plotting the predicted
value of base pressure ratio on the prototype possibility curve yields the
nominal value of Similarity Parameter (SP nominal ) required to ensure base
pressure matching. At this point, it is important to realize that a "predicted"
value of Pb/ PW is being used to determine SPnominal which is in turn used
to design the model nozzle. Therefore, the design of the model nozzle is only
as good as the "predicted" value of Pb/P00 . This problem and its solution
will be discussed in more detail later in the analysis.
Step Five must be repeated for each value of schedule M
00 
to be simu-
lated. Table 3-2 is now complete.
All data required to begin the model nozzle design compu-
tations, are now established. The compueer code calculation
is now at what corresponds to Step 7 of Section 2 or Point A
of the computer code flow chart presented in Chart 2-1.
These data were read by the computer code in Subroutine
INPUT.
Stems. Six:
Select: (1) a flight Mach number from the schedule of Mach numbers
to be simulated as determined in Step 2 and (L) the corresponding flight
conditions determined in Step 3.
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Similarity Parameter
Fig. 1-4 - Determination of the V alue of Similarity Parameter Required
to Ensure Base Pressure Matk p ing at Specified Flight Conditions
Note: This is a sample plot and does
not represent data presented in
'rables 1-1 and 3-2.
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The computer code will begin the analysis with the lowest value of M W .
This will allow an early calculation of Me,	 and therefore eliminate the
max
needless design calculations for nozzles with an M e greater than Me	 e
"max
Step Seven:
Select a value of model nozzle exit plane Mach number slightly greater
than 1.0. The value of Meg will be varied parameterically in subsequent itera-
tions. Selecting a specific value of Mach number gives the model nozzle area
ratio. Ae/A.
Step Eight:
The next design parameter of concern is the model nozzle chamber
pressure, Pr . Selecting,	 ca specific value of P then permits the calculation
of plume boundary Mach number according to Eq. (3.6)
P^	 Y.
	
M.	 __`-- -	 c	 J	 - 1
	J 	 Y  - 1	 Pb	 (3.12)
6 (
Note that the pressure on the jet boundary is assumed to be equal to the base
pressure. 1 11) is determined as a function of the predicted value of Pb; P00
in Step 3 and P")	 in the wind tunnel. Please note that the P )
°f' model
is not used in this calculation. The value of P c
 chosen in this step is held
constant throughout the analysis and is usually set equal to 50% of the maximum
available air pressure supply. This value of P c is chosen to ensure that each
model nozzle in the family of candidate nozzles being designed will be capable
of producing; a power sweep curve with a range of similarity parameter values
bracketing? SP nominal(See Fig. 3-1). The value of Pc is read in Subroutine
INPUT.
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Step Nine:
The value of 3, can be found which ensures similarity using Eq. (3.q)
Ma ^,b
t_..1.
	 (3.13)
^J model
SP
	 prototype	 M 	 model	
 
where: y
i
 _ 1 .4 for a model nozzle flowing air; a and 13 are functions of flight
Mach number and vehicle test configuration .tnd are determined in accordance
with the schedule presented in Table 3-3. This value of 
6  will ensure base
pressure matching at the specified set of flight conditions, the chosen vaL.>e
of M and the constrained value of 1 3
c 
only-.
Ste-Teti:
Finally, the model nozzle exit plant- wall angle, 0 
r
, required to achieve
b.)	 for the specified conditions is calculated accoi-ding to Eq.(3.8)
^ model
	
V	 j model	 e	 J
where l., and t^ are calculated according to Eq. (3.5 )e
+ 1\112	
_	 y- 1	
112
	 _
ye, - 1	 tan 1	 ^^ - (M? - 1)	 -tan 
1 (M^ - 1)l^z
c	 ye
and
1/2	 lf2
t.	
Y	
tan	
Y	 (M^ - 1)	 - tan	 (M^ - 1)
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At this point, "a" candidate nozzle with "a" defined value of 0 e
 and Me and
"a" constrained value of Pc
 has been designed which will ensure base pres-
sure matching for " one" specified set of flight conditions. Should one flight
I	 condition change, the result would be a change in SP nominaland therefore
base pressure matching would not occur. To regain the condition of basei
pressure matching; requires only a change in P c
 proportional to the change
in SP nominal' This assumes that the "new" SP nominaldoes satisfy the
condition.
SYminimum C "new" Sl'nominal < SPmaximuni
9
for the given candidate nozzle.
i
Step Eleven:
Incrementing; the value of M e
 and repeating Steps 9 and 10 will
define a family of candidate nozzles which will: (I) ensure base pressure
matching; for "one." specified set of flight conditions; and (2) meet all of the
constraints specified in Step I . Figure 3-5 presents a sample plot of a
family of candidate model nozzles that may be used to ensure base pressure
matching; for the flight conditions to be simulated for M ao - .597 present in
Table 3_2. Note that nozzle flow separation occurs for M greater than 3.83.
Step Twelve:
Repeat Steps 6 through 11 for each flight Mach number in the schedule
of Mach numbers to be simulated. The result will be one family of candidate
model nozzles that may be used to ensure base pressure snatching for each
of the specified set of flight conditions to be simulated and can be plotted
similar to that in Fig. 3-5.
Step Thirteen:
s Each family of candidate model nozzles derived for a particular flight
Mach number is now checked to see which nozzles in that family are capable
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of simulating the flight conditions that exist for each of the other flight Mach
numbers. This is achieved as follows:
Select a family of candidate nozzles derived in Step 12. For each
candidate nozzle in that family, calculate the values of SPandminimum
SP
max irnum that are obtained when tested at each of the other fligh Mach
numbers. Then, compare these values to the required SP nominalthat corre-
sponds to each flight Mitch number to ensure that the constraint
S11 minimum+ 5.0 —` SPnominal ` SP maximum- 5.0	 (3.14)
is met (see Fig. 3-1 for a clear understanding; of the importance of this
constraint).
The result is a group of nozzle faniihes that form an "envelope of model
nozzles" that may be used to ensure base pressure matching for each set of
flight conditions to be sinxilated. Thera is one envelope of nozzles for each
set of flight conditions to be simulated.
The tolerance of + 5.0 on SPminimunt and -5.0 oil
	
in Eq. (3.14)
is applied to introduce a little more conservatism in the final nozzle design.
These tolerances will: (1) allow for changes in SP 
nominalthat may result if
wind tunnel test conditions vary slightly, and (2) decrease the accuracy re-
q ►rired oil 	 initial predicted values of P b; l'X used in Step 3.
Refer to Fig. 3- 5 and note that each -andidate nozzle represented along
the curve will ensure base pressure matching; for SPnorninal = 39.132. How-
ever, when the above tolerances are applied, the final accepted nozzles in this
family for this set of flight conditions became those that are bracketed by
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'The values of SP mini	 and SP maximumare calculated using the
general form of the Similarity Parameter
M. b.
SP)	 = — j jgeneral	 Ma y be J
For a given value of M e and a nozzle flowing air y  = 1.4; the minimum
and maximum values of SP)general are determined c imply by determining the
minimum and maximum values of M.3
 6. respectively.
• Determination of SP) minimum
a. M r c' c', U s P Y C and VV are defined for each candidate nozzle.
P
b. M.	 and b.)	 ucc tir for
	
c•
J Irvin	 min	 F b
min
c • . For a given 1) /P e ; (Pc , I -)	 can be determined using
min
constraint 3 of Step 1
P	 P	
)Min
P	 Pc	 c	 c '0,60
Pb 
rain	 Pe	 Pb 	 Pe
For a given set of flight conditions, Pb is Riven and Pc j
can be calculated from the above equation
	
/min
P
PcLn = Pc 0.60 Pb
 e
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'	 d. Mj ^	 and 6 1)	
are then determined using Eqs. (3.6)
min	 min
and (3.7), respectively
Y.	
1/2
l' yJ
M , +	 =	 2	 c	 - 1J	 T'	 Psin	 y'm
 min
`	 6J)min	 ©e + Vj min - Ven 
	
where	 11 j	 is dt termined using Lq, (3.5)
min
y ' } )1 1 2	 - 1	 ^^• - 1	 2	 ^ 1/2	 1/2' I) 	 IM;)	 - 11	 - tan -1 JM2'
	
min	
-1an	 yYj i
	
min 1
	 min
f inally,
e. SP .. Mj) b^^min	 min
Me yb
1 Determination of SP }maximum
P
a. M` , O c t 1;i and Ve is defined for each candidate nozzle.
e
P
b. Mj )	 and b^^	 occur for	 c
.	 max	 max	 Ph )max
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c. For a given flight condition Pb is defined. Therefore
Pc/Pb
 is maximum when P c is maximum. The value
of Pc)	 is the letiser of the. test facility P c t	 or
as is MAXo  often the case, the value of P)
	
/determined
c rnax
as a function of m)nlax for the facility
I ^ 	 I	 ►tl ntax	 o
	
c`max
	
.532 	 A
Therefore,
	
^	 P
	
1 c	 ` max
Pb 	 r	 Pbmax
d. Mj
La
 , I	 and 
6j 	 are determined rising Egs. (3.6),x	 rtlax	 relax
( _i.5 ), and (3.7), respectively.
- 1 1/2
Yj
L	 L
MJ max	 Y j - I
	 I I')Max
	
- 1
6j) 
Inax 
= 
	
+1, j	 I,
`'	 max	 e
where
112	 112	 1/2y. -1	 _
.)
	 tan- 1	 ..1.+11 I M?)max 	 tan 1 (M2)Max
 " 1
max	 j	 Yj
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i.
Finally,
C. SP maximum
MA * d^max	 max
Me y^
Step Fourtoen
The results of Step 13 are plotted. Figure 3-6 presents the results of
Step 13. For example. Fig. 3-6a presents an envelope of candidate model
nozzles that may be used to simulate the flight conditions that exist for 1V1Q0
0.597. Each candidate nozzle in this envelope will: ( l ) ensure base pres-
sure matching for the M^ = 0.597 flight conditions, and (2) meet all of the
constraints of Step 1 .
Steps 15 through 18 compare each of the envelopes of nozzles plotted in Fig.
3-6 to determine a "final" envelope of model nozzles that may be used for
all flight Mach numbers to be simulated.
Step Fifteen
The upper limit un M C is a result of the separation constraint of Step 1
and usually occurs for the lowest value of flight Mach number to be simulated.
Compare each envelope of model nozzles and choose the smallest value of M
emax
as the, upper limit on M e of the "final" model nozzle envelope. This would
correspond to Me = 3.53 In Fig. 3-6a for MCO -= .597.
Step Sixteen
The lower limit on Me
 is a result of the mass flow constraint of Step 1 .
This constraint has its greatest influence at the highest value of flight Mach
number to be simulated. This can be understood by examination of Table 3-2.
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As flight Mach numbc-r to be simulated increases, the value of SP nominal
required to ensur er tease pressure matching also increases. Pc is directly
proportional to SP 
nominaland therefore also must increase with increasing
flight Mach number to be simulated. For a given P c and constrained nozzle
exit diameter the mass flow rate increases as Me decreases.
Therefore, examine the nozzle envelope for the highest flight Mach
number to be simulated. Compare each of the nozzle families and choose
the largest value of Me	 as the lower limit on M e of the "final' model
min
nozzle envelope. This would correspond to Me = 3.49 in Fig. 3.61 for M W _
1.403. Once the upper and lower limits of model nozzle exit Mach number
are determined the value of the limits are compared. If the lower limit on
M e is greater than the upper limit on M e no solution exists for the range of
flight Mach numbers to be simulated (see step two). To solve this problem
merely reduce the upper value on the range -:f flight Mach numbers to be
simulated during testing established in Step 2. This will reduce the value of
M	 just determined to some value less than M 	 of Step 15.
c"min	 emax
In some instances, as is the case of the example being presented, the
lower and upper limits of M e are close to the same value (3.49 and 3.53).
Further reduction in the upper value on the range of flight Mach number to
be simulates' during testing will increase the difference of M 	 and M
of the "final' model nozzle envelope. 	 emin	 emax
Step Seventeen
Determine the maximum and minimum values of © for all candidatee
nozzles whose Me correspond to the upper limit of M e determined in Step 15.
Step Eighteen
Determine the maximum and minimum values of 0 for all candidatee
nozzles whose Me correspond to the lower limit of M e determined in Step 16.
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Fig. 3-6a - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = .597
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SYMBOL IDENTIFICATION
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Fig. 3- 6b
 - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number _: .796
^e
3-30
1 th KHI 1 11 10INISVILtt RI ,t AR( It & ENGINI I WING UNTI R
LMSC-NREC TR D7844111
W4 V5.
a
J
WJNNOZ
NOZZLE EXIT MACH NUMBER
Fig. 3-6c - - he Symbols Blotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = .900
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Fig. 3-6c - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = .950
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NOZZLE FAMILY
SYMBOL
	 IDENTIFICATION
t	 O	 DERIVED FOR FLIGHT MACH NO. s 0.597
A	 GEE IvCo FOR FLICHT MACH NO. n 0.796
O	 DERIVED FOR FL 16HT MACH N O. s 0.90
0	 DERIVED FOR FLIGHT MALH NO. s 0.95
0	 DERIVED FOR FLIGHT MACH NO. =1.048
N	 DERI VED FOR FLIGHT MACH NO. = 1.10	 -
X	 01 R I VVD FOR FL I GHT MACH NO. 	 1 . 148	 l
v	 (`! ►1 I V	 FOR FL I G 	 MACH NO. = 1.2.19
O	 DERIVED FOR FLI(jHT MACH NO. = 1.403
i
W
tV	 ^
1	
Z
to	 -	 -	 -	 -	 -	 -
LL
3.20	 3.40	 3.60	 3.00	 4.00
y
NOZZLE EXIT MACH NUMBER
Fig. 3 - 6.` - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = 1.100
fr	 3-34
±I
1 tk'Ktit I t) HIINISVIM RI `.EAR04 & ENGINt t KING CENTER
vim . _
{Ww
2
1 -
a
J LrJ.
WJ
Z
3-35
I OCKHE I h HUNTSVILLE RL!,EARI H B ENGINEERING CENTER
_	 V
LMSC-HREC TR D784111NOZZLE	 FAMILY
f SYMBOL IDENTIFICATION
O DERIVED FOR FLIGHT MACH NO. =	 0.597
A DERIVED FOR FLIGHT MACH NO. s	 0.796
O DERIVED FOR FLIGHT MACH NO. =	 0.90
O DERIVED FOR FLIGHT MALH NO. =	 0.95
0 DERIVED FOR FLIGHT MACH NO. =	 1.048
4 DERIVED FOR FLIGHT MACH NO. =	 1.10
^f DERIVED FOR FL IG'iT MACH NO. =	 1 . 148
V UERIVE0 FOR FLIGI I T MACH NO. =	 1.249
O DERIVED FOR FLIGHT MACH NO. =	 1.403
30.11 ' 1 1 11 .1.1111111111111111
_1—
E^^I 1`^I^ fh^^^^i l a i T t1^i1^^
to.
7.e0	 3.40	 3.ti0
NOZZLE EXIT MACH NUMBER
Fig. 3-6g - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = 1.148
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NOZZLE	 FAMILY
SYMBOL IDENTIFICATION
O DERIVED FOR FLIGHT MACH NO. •	 0.597
A CER I V^J FOR FL I CHT MACH NO. n 	 0.796
O CERIVED FOR FLIGHT MACH NO. s	 0.90
0 OLRIVED FOR FLIGHT MALH NO. s	 0.95
0 CERIVEO FOR FLIGHT MACH NO. =	 1.048
^► r 	 R;\"- D FJR FL I(,IIT MP.CH NO. =	 1 . 1 0
k G. R I VC 0 F o:: FLIGHT MA C H NO. =	 1.148
V L': R I V CH F OR FL 1 GI'T MUCH NO. =	 1.249 
O 0FR!VLJ FOR FLIGHT MACH NO. -	 1.403
a
W
i
d
J !
WJNN
2
0
a
NOZZLE EXIT MACH NUMBER
Fig. 3-6h - The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = 1.249
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NOZZLE	 FAMILY
SYMBOL IDENTIFICATION
0 DERIVED FOR FLIGHT MACH NO. 	 z	0.597
4 DERIVED FOR FLICHT MACH NO.	 w 0.736
0 DERIVED FOR FLIGHT MACH NO. 	 c	 0.90
0 DERIVED FOR FLIGHT MALH NO.	 a	 0.05
0 GERIVED FOR FLIGHT MACH NO. 	 a	 I.C43
4
tE
0
D RIVED
DERIVED
E)KRIVEU
DERIVED
FOR FLIGHT MACH NO.	 ,	 1.10
FOR FLIGHT MACH NO. 	 -	 1.148
FOR	 FL I GPI	 MACH NO.	 =	 1*. 249
FOR FLIGHT MACH NO.	 =	 1.40
w .19 t
i J-1
W
N
0
Z
W4=
I	 f	 I I
- - -
- -
	 -	
-	 - - - t - -	 1-4 -1-
-I- _ _
n.
NOZZLE EXIT MACH NUMBER
Fig. 3-6i The Symbols Plotted Above Represent Model Nozzles that May
be Used to Simulate Only the Flight Conditions that Exist for
a Freestream Mach Number = 1.403
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Step Nineteen
The results of Steps 15 through 18 can be plotted to yield the final
envelope of model nozzles that may be need in the test program. Each model
nozzle in this envelope will: (1) ensure base pressure matching for "all"
specified sets of flight conditions to be simulated, and (2) meet all of the
constraints specified in Step 1. Figure 3-7 presents a plot of the final envelope
of nozzles that result, when Steps 15 through 18 are applied to Figs. 3-6a through
3-6i.
Step Twenty
To ensure that base pressure matching does occur in the data analysis
stage of the test program, it is necessary to know the power sweep operating
characteristics of the model nozzle prior to actual testing. For a given
model nozzle design, the power sweep operating characteristics of importance
are: (4) the minimum obtainable value of similarity parameter (SP minimum);
(2) the maximum obtainable value of similarity parameter (SP
	
) formaximum
each of the flight conditions to be simulated; (3) the nominal value of similarity
parameter (SP nominal)required to ensure base pressure matching and (4) the
valuer of chamber pressure corresponding to each value of similarity param-
eter just noted.
The calculations of SP
	 P	 SP	 and P	 havemaximum, c n1ax' minimum	 c non
already been discussed in Step 13. The value of SP nominalrequired to ensure
hasc pressure niatc • hing has already been defined in Step 5 for each scheduled
M W
 to be simulated. ']'his leaves the value of chamber pressure, Pc )
/nom
corresponding to SP nominalas the only value undefined at this time.
Refer to Fig. 3-1 when performing this step of the analysis.
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Fi b;. 3-7 - Final Envelope of Model Nozzles That May be Used in the Test Program
Notes: a. Each model nozzle in this envelope will: (1) ensure base
pressure matching for "all" specified sets of flight conditions
to be simulated, and (L) meet all the constraints specified
in Step 1 .
b. The similarity parameter used in this nozzle design study is
M. d.
SP = ---J--J-
M25yj
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The value of 
P`•	
is calculated following the interation process
nom
described below. P,
	
is a function of flight conditions to be simulated
^ nom
as well as model nozzle geometry.
Pc
a. Me , 0e, P , De , D and v  are defined for each candidate
e
nozzle.
b. Set a value for the initial guess on Mj
c. Calculate 
6  
using Eq.(3.10)
Ma y b
6  =	 * SP nominalJ
d. Calculate 0 . using Eq. (3.3)
0  = 61+ve- 10J
where v i is determined using Eq. (3.5)
y. + 1 1 ^2	 1	 y ' - 1	 1/2 	 1 ^2
	
V
. _ -	 tan-	 -^—^- ( M z. - 1)	 - tan -1 (M 2
J	 ti J	 '?  i^	 J	 J
e. Compare the value of Oe just calculated with the actual value
of Ge for the model nozzle being considered. If the values of
O e compare within an acceptable tolerance proceed to f; if
not, adjust the value of M . and repeat steps c, d and a until
an acceptable tolerance it achieved.
P
f. At this point M• is defined and the value of G is determined
using Eq. (3.3) J	 Pb
y^
Pc	 ?` - 1	 J
P = (1
b	
+ -- - M j note: Pb = P 
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g. Finally, Pc, )	 is calculate(: using the following relatiunship
nom
P= Pe ;;. Pb *P
Onom
	
pb 00	 a0) model
Table 3-4 presents power sweep operating characteristics of five
representative model nozzles that exist in the final envelope of Fig. 3- 7.
The flight conditions to be simulated during wind tunnel tests are those of
"fable 3-2.
Examination of Table 3-4 indicates that each of the representative
model nozzles considered are capable of base pressure matching well within
the constraints of Step 1. This is indicated by the fact that the constraint
SP minimum+ 5.0 < SP nominal< SP maximum5.0
is satisfied for all model nozzles at all scheduled M to be simulated.
0o
The analytical procedure used to design model nozzles which meet
MSFC base pressure similarity parameter criteria is now complete. The
fallowing section presents an input guide for an automated computer code
used to perform the described analytical procedure. It is strongly suggested
that the computer code user make every possible use of the analytical portion
of this document when setting up his input deck. Doing so will give the user
a greater understanding of model nozzle design problem and the actual use
LMSC - HR EC TR D784111
•• rwrA AArw000000000 rrrww 4040 4040000000000 4040 w rrw wr rOO 0x00000 4011	 w rrrwga00!•0000 r 4040 4040 r A ^ •.OOOOf)0000
• .000.000• 000000000 000000000 00000000+ 0000s0000
A ./•^ N N N N N N h Nt► P I P O V PPP N N N N N pp N hP P P O V^ P P P NNNNNNNNNV1/ V P V P 1 V V h N N h N h N pP P^ ► • P P P P h h yy h h h N N h► P• P P ► P P PP P P P P P P P P P 1 P P P P 1 P P P P P P P P P P • 1 P P P P P P P P P V 1 1 P P P 1rrNhNNNh YN ^ •hhhNNNN ti1N NNNNhNY NNINNN NNNN ryN•YNNNN YN
••	 •	 •	 •	 •	 •	 •	 • • •	 •	 •	 •	 •	 • •	 • •	 •	 •	 •	 IF	 •	 •	 •	 • • •	 •	 •	 •	 •	 •	 • • •	 •	 •	 •	 •	 •	 •	 •	 •
.• r r
	
n r .. w w 4040 w r w r r r w r w wr .. r r r r r r r r w .. •. 4040 r w r r r w w r r0  0040000 000D^Ofi700 OOOtfO•`1000
^^ w..
Q0000000`7 :QNOO^^00
N AP w PPwP w
T
• P ► P P Pww wti 401•. •.P •. wP^P f•. PPP P ^P s PPP•NN2 7 7	 hN NN	 •fNN	 Nh 7770777N 1 .01.01.01 • I I • • itit it it	 it	 .9a r.wA r•+.• rw rA	 wA Awrw .•w	 .•w w 4040 w r.. r.• w .f .• 4040 rrrrwwrr r
.7 yrr.s 4040 r rA Aw AA.. wAA w rw rr.^r Ar w rrrw r 4040 rA rw rrwr r r r
r r r r r w p r w w r r 40 1 1 N r r w r r r r w N r r r	 w r r w p w r r r r
-a 
r wY J.'i a u 0000 00013•f0000
0
Oogq 0 OOO U OUOJ00013
QQ
t♦ Ju	
fU{{{JJL
A
Ry
00000
.91 1 all 000.000 0	 0000,0G MOP h adtO»O• NAPN•1 N1^0• Nt♦ PN±O.iP , VP N.rd1 00 iP rAOPNN V a d(M ••d d h p	 ^^••rnrP00PZ^M• wt/ aNA•f+ M w+	 Nin •. 1^•/In•1^0P ± S YI/ +•	 o•y n 0 I	 NIS2F a ^t• w	 on	 M;32ftooss0 GLM •••00P•1•.l• ei
z
p 00CN10CN)000 y	 ry r^0000000'00 ry000000000 /IYY	 ryryCo0000pOff q.Y^	 /ryyQOOOOf7000w . . . . . . . .. .. .. • • • ♦ . .. ♦ • • • e • . • • • • .	 • . .. • . • • • . • • •
E M,,•• aP 10020OP I aPnOP,N OPNa I n•0M ooNpOP OP arrtlP Y101P w a0 PMNO N ++O f P•	 rx401	 tll•OP M r dftP 0 ww^ •P x100 x100.1{O^ a OM•Nin0aft MPO a• arP 1.NMI	 /PafPMons-^M p M0 r A•rw	 :0-0: P -0.4-0•0d40at	 ICCCO•ar : r,l• NNONPatP •a•.•1rP.•10r ryM0
w
h NO ary U41 N,0Ma aP 0040 .• Ma a•• • 0 000 Pf- MP •+/,M 00 0 P. 	 0 •.,M aP P 0-000 M a a fr 000 r d
I t
N W Otl O 0 o 0 0 0 0• • • • • • • • e O O O G O O O G O• • • e • • • • • 0 0 0 0 0 0 0 0 0• • • • • • • • • 0 0 0 0 0 0 0 , .• • • • •	 • • r • O O O O O O O O o• e • • • • • • •i^ N .. J t_• f•.	 w P P Ph	 P P P h P 1► p I• ► 1•• P A P P fr P	 P PP 1► P M M M M M M M M M fn •n •t .A •n N fn •, A
0 10 G •16161616160•ub000c/DGa 9 4 01 9 0, 88 9doc do O	 daod t o$E aisis MnIMq.^r1M.M .n......+.. 0^00^00I Q a" rw..r..r wrr 4040 rrwwwr.- rw 40.•40 4011 •^ A0070 OOOD wwwrrr 4040 r awl., rwwr :wwww rw rwrrwrw rrrrw rrw,•• rrw :.^ 1111 rrrrwr rw w
IV f f N NN N N N NN N N N N NN N NN rV ry,V ry ryN 1tl Nry ry N rY N ft IV ry N N f to f ft.'s ry N
sc o 00 	nrl fN70 11110000000 OOODf)Otl00 00000 0000 000000 ba0O p•N MM / Pa0 a pa,MM, P. 	a Nat MN • P a0a NnMM• P Oa a1 f.HG o P4 2 .1 	 IP 00 a"u+vaaao u, .NONd	 400 u •SPaOP nuNa1640Pa, "aft ao rP pp • •topde.fP p •{.1 A.V1 of P M/ 16P 131]0PMOP M • /"P rP OnOMO^ M IOIn r• O"16000 PPJ1OP M, 40 "P .+PP •/ a P0f1PV Mon M It db "/0rP 0r•fj uOA0P A v 9MPti!M•[ 1616x00 ••401 MM aaaP P a11MMaaaP 1. on	 a aaPP A IMMaY. dP.«
a"
^
"n n N n"M" M
r , fl tltlt ) r,0 l, u 00 no no A NM0 "13"011x000 a" u c)	 ci 41a auonntlt ) o0 nnn" /, n" aMof+o 01, 0 0a n nC) n"a, n"nonn nao un o
w E
'	 y MW 0 P v/ .• ..• «• O N p n M w a J! O n ry n I n d P P N n P O P It p P 40 0 0 P I O" q ., I n N	 x,
• wa1 NN•^.^G IMP• P d n bdlP rP N •""vP •NOM O MP I ! 40 00 •0 MMP NN 1 Ht t, P
~
hs N dtn0 ►,rM Pat w 10 MMOO rNa d• •eON p NINd., O. •t a• , -4w	 -ft.,
:• J 0.v 00.0ft" .n O 040 0 0 N P M O P 0 0 0 0 N a M O N
4. ~ P 160160.« PP •.	 •	 .	 •.	 .	 .	 . dd a a0 daP. F.	 •	 .	 .	 .	 .	 .	 . PPPP ► . P 400 P•	 .	 .	 .	 .	 .	 . Pad a P dwP16.	 •	 .	 .	 .	 • P 16016 00 PP 40.	 .	 .	 .	 .	 .
4• 'l. NNr•ryNN y^ryh ryNrrY/NryrY N ry N 1y NNf1vYN ry .VN[• ro N1rYy tY/NN 4YNryN hN NNN NryNN
p Q Q Uu , 111 U 0L7 an AU 001100U U OO tl 06 .10x401 U UC] O J l7 ar7 [] ou 401 r.' .00n440] ^..l7 CG nnn N nY, trt 1M M 1MN Mtn 000 x0 0 00 OMM M MM NMM M 0P P	 0 P P 00 P .N ►, n rn am nnP	 0	 P P^ a 0 0 0000 UO g 01)OWd d •, d 	 f dd MM M.fIM MM MpL1000 UG^U 4040 w.. ..rrw .err..... wrr.•r•PPe. P Pf• PP V O P 0	 P• • •, • • • ! sF'• to 0 as 0 O "we Is, 0,0 w r w r r r r	 -. a a O 10.0 a 1610 d P P P P P P P P P P 0 0 0 P O P P OO N N N N N N N N N n"" n^ n M " " NNNNNNNNN NNNNN NNNN N N N N N N N N N
V
1.1 /t " n nn" MY M1 "" "" n n n"" n r " a a n n n w Mf " n n  0"" " n n nc,c")0on 00170 M" n"" n" n nocluotlgou(,
V .^. 5 aoouoonao• • .	 • • • •	 • • uaonoaano. • • • + • . •. 000noa•10• • • • • • • • • • • • •	 .	 . • . • • • • • • •
•n i t	 .> >• t. s .v r+ s dl .e U 0 N • N M• A-00-1 1,10    V A• O -+ 0as')  dl J u a! o we J I '+ e
f1'.«a _ V 0NU q 0P ONOP+e .. ty w oo MN•
ON OOOP ON aP.e w•0 • MN • 0N000P aN aPr r00 I NN I a1 r 40" Nd I a,NP wP «. 0O aP M • N I Or NNUnn.,d • whOO	 e<(y a N P..eN 000 as A P r .O OP•M PP wM00 PO 1611 .'f I U OOP., P 40N O•'••w040rra "M, NNN .O r A s n "ryNNwr I"" N ryN 4040 ,"nN wN , ""IV	 N N w	 _
V •	 •	 •	 •	 •	 •	 •	 •	 • •	 •	 •	 •	 •	 •	 •	 •	 • •	 •	 •	 •	 •	 •	 •	 •	 • •	 •	 •	 •	 •	 •	 •	 •	 • •	 •	 •	 •	 •	 •	 •	 ;..
0 •16J1J U 1713 U.J rrrr.e 0000.. w r.. .+ 000,3	 ^•-+•+•'• J 01)U we w, •^^r
6
U1100t^On0O
•	 ••
 !I' ll•	 •	 •	 •	 •
Oft CIOOO g OO
• •	 •	 • • • •	 ••
OO "000 OOO
• • •	 • •
	
• ♦ . 	 • gOOOO 0000••	 •	 •	 •	 • • • • Oa[,UJu 7L.,xH W .  	 .	 1 ..t •J . J J U 4) J J .1 rJ ♦ J J U U O J V .d	 .! .l J ..}  1	 ^,	 1	 _^uO .,	 ! 1./
'f.
.)UOU y o.6 Pnr. OUJ s.) i sC, 000040000"P0C)O/ U! • a 13013000 y 0 "016131 • G a ! .7 00+	 Oat00	 0a01613 0. 01 !U OOU 40 C3 M1316".) I J i i •^	 ^AQ, (PI
	
0wrN/ P'P ONh.,rN• OP OMO.e rNs 000M.7 .e .ery • PO 4071610-, weNi
w • •	 •~
N : POww :rw MP P P r J1 :PO .e 	w MP P V .+	 •.y
U N Vr+rV N1V NNN ryN NNN NNNN NNNNNNNNN NN NN VIV r4 NN NN.V NNW N.V 4
a r. rlf	 ♦+( 	 U[.. G U OOOtlC 000 , 0 00[. 1. al r D 4C O1 1 06.1 L t,Uu L f Vt7Gt l.ul1
1 W Y J s! I•• I• a N N N N N N N N N d 0 16 d .D W d O O a s!, a I s• I ! a• a I a A s a{.^ S I ! • ! • i ! f • "n"h"nn"" JIM 161111MMM161 M n"M" n n1+1"" 161MM Jt 161 .rtMM •[t"n"«."n"""
"nn"n"rnnn 400 e.40o40s0 0a. o00a0tt140 PPOO 0 0P OP PP PP PP P.• 40'•7n""""nnn"
^ N h N N N h N N N IJ••, ••,/N N N N N N N N N .+.+., w.•w r .. ...N N N N N N N N N NNNNNNNNNN N N N N N N N N N N N N N N N N N 	 1
} '3 UO.., . . n J O., [', Q ODU g 00n 0 000 Uu U VU V 0001: r^ a)0 U q CJ U f1p OUtiU n
PPP 000 PPP P O 000000 P PP 000 P 00 O h N WN W PP HP P.. P P P!Y it rJ r1 C) O O x[)0 00 0+ 00 110000OC, 0160041,  4110010 "nn"n "n•t •tR
wr Mr w w.• w rw w ...r r.. 0. 0 0 0 a IN n""""nM M M M M M aA M M d, M M 1M1	 J1 M M N 161 r, M J1 N M J, N J1 O a•^ I O•! ! M dl .A 31 N J, 1• r, dl
•11•t"0 "MMMM
^
I v
r
NM wrr rw.+.•..• r NN NNNWNNN "n"n"•""" •II•!•a •a t1 aA f MM	 3tN r,
z
3-42
LOCKHEED - HUNTSVILLE RESEARCH b ENGINEERING, CENTER J
I..MSC-HREC TR D784111
4. A COMPUTER CODE USED TO DESIGN MODEL NOZZLES
WHICH MEET MSYC BASE PRESSURE
SIMILARITY PARAMETER CRITERIA
This section describes a computer code used to design model nozzles
which may be used to simulate prototype engine conditions that exist over a
specified range of ascent trajectory conditions. Each of the model nozzle
designs will be capable of achieving the desired similarity parameter values
required to ensure base pressure matching within the restrictions of maximum
air pressure supply and mass flow rate imposed by the facility where wind
tunnel testing will be performed.
An example of the computer code input requirements and resultant out-
puts are presented for the wind tunnel test IA-604 planned for the NASA-Ames
Research Center 11 x 11 wind tunnel (Ref. 1 -1 ). A "final envelope" of model
nozzle designs, and corresponding power sweep operating characteristics for
each of the desired flight conditions to be simulated in the wind tunnel tests
is presented for representative model nozzles in the "final envelope."
Subroutines that make up the computer code are listed in Table 4-1.
Thr subroutines which call and are called by the particular routine as well
as a brief statement regarding the function of the routine are also included
in the table. Chart 4-1 presents a flow chart of the computer code. A listing
of the computer code is presented in the Appendix.
Sections Z and 3 of this report present a detailed development of analytical
procedures used in the model nozzle design analysis and automated in this com-
puter code. It is strongly suggested that the computer code user make every
possible use of the analytical portion of this report when performing a model
nozzle design analysis. By doing so, the user will gain a greater understanding
of: (1) the model nozzle design problem being considered, and (2) the actual
4-1
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Provides overall program
	
I MORE	 I
control	 I	 I
I	 I
DESIGN ILO -____J
Data input control and r---	 —'
definition of model INPUT
nozzle design problem
1
Controls derivation of each I	 COMBO3 I
"family" and then each I I
"envelope" of candidate I I
model nozzles I	 SPRNGLE . I
Controls derivation and I	 FINA L I
plotting; of the	 "final
vnvelope" of candidate
model nozzles and deter-
niination of power sweep I	 TEST' I
operating; characteristics.
NPLOT Yes
0
No
CHECK
Controls plotting;	 I	 t
of optional plots	 I	 I
GRAPH ProblemComplete-Stop
Chart 4-1 - Flow Chart of a Computer Code Used to Design Model
Nozzles Which Meet MSFC Base Pressure Similarity
Parameter Criteria
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use of the computer code. This section of the report will make continuous
reference to the applicable paragraphs of Sections 2 and 3; this will allow the
user to go directly to the paragraphs which will help answer possible questions.
4.1 COMPUTER CODE CAPABILITIES
The computer code described in this section automates the analytical
procedures described in Sections 2 and 3 and is used to design an "envelope"
of model nozzles (the envelope is defined by model nozzle exit plane Mach
number, Me , and model nozzle exit wall angle, 6e ) that may be used in a
specified wind tunnel test program. Each model nozzle in this envelope will:
(1) be capable of achieving the desired similarity parameter values required
to ensure base pressure matching for all specified sets of flight conditions to
be simulated, and (2) meet all the gasdynamic and physical constraints that
must be considered during the design of a model nozzle. (See Section 3.3,
Step One, for a discussion of these constraints.)
The analytical procedure discussed in Sections 2 and 3 is not limited to
Space Shuttle vehicle configuration applications. Consequently, this computer
code may be used to design model nozzles to simulate prototype engine condi-
tions of a_ y single body-single nozzle, single body-triple nozzle or triple-body
engine system. (See Fig. 3-3 for a definition of these engine systems.)
To ensure that base pressure matching occurs in the data analysis stage
of the test program, it is necessary to know the power sweep operating char-
acteristics of the model nozzle prior to testing. The computer code will calcu-
late the power sweep operating characteristics of representative model nozzles
that exist in the "final envelope" of model nozzle designs for each of the desired
flight conditions to be simulated during the test prc,gram. Section 3.3, Step
4Twenty, lists the power sweep operating characteristics of importance, presents
their method of calculation, and shows how they may be used to choose a final
model nozzle design that will ensure base pressure matching at all flight condi-
tions to be simulated.
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The final model nozzle design chosen is defined by a model nozzle exit
plane Mach number. M e . and a model nozzle exit wall angle. 0e. The wall
contour of the actual model nozzle used in the wind tunnel test is arbitrary
and left up to the nozzle designer. Within the scope of the current technology
it is felt that a conical nozzle would suffice for all cases.
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4.2 USER'S INPUT GUIDE FOR THE MODEL NOZZLE DESIGN COMPUTER
CODE
This section outlines in detail the procedures for using the model nozzle
design computer code. Each card and its use are explained in Section 4.2.1.
The control card set-up for the Univac 1108 Exec 8 is presented in Section
4.2.2.
4.2.1 Computer Code Input Information
The input data are organized into sections determined by their use.
An example of the computer code input requirements used to design an
"envelope" of model nozzles for possible use in wind tunnel test IA-604
planned for NASA-Ames Research Center 11 x 11 wind tunnel (Ref.l-1) is
presented in Table 4-2. A description of these cards is given below.
Computer Code Input Instructions
Ca rd 1
Column
5
10
Run Control Card Format 515 (Right Adjusted)
Parameter	 Value Description
NMACH Refer to Section 3.3, Steps 2 and 16. Antici-
pated number of scheduled flight Mach numbers
to be simulated during testing.
	 If the range
of flight Mach numbers to be simulated is
such that no solution exists the upper value
on the range of flight Mach numbers will be
reduced automatically until a nozzle design
solution does exist.	 The value of NMACH
will be adjusted accordingly internal to the
computer code (20 max.).
NSP Refer to Section 3.2.	 Controls the form of
the similarity parameter used in each nozzle
design analysis.
	 The similarity parameter
to be used in the analysis is specified accord-
ing to the schedule recommended in Table 3-3.
M. 6.
1 SP=	 --	 I	 is used in the analysis
Myje
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Cavd I (Cont'd)
Column	 Parameter	 Value Description
M. b.
10	 NSP	 2 SP	 MU 25 11 0.5	
is used in the analysis
c	 ^
M. b.
3 SP =	 ---i J	 is used in the analysis
Yi
15	 NPRINT	 0 Refer to Section 3.3. Step 20.	 There will
be no intermediate printout.
	
Only the power
sweep operating characteristics of repre-
sentative model nozzles for each of the flight
conditions to be simulated will be printed.
I Print intermediate data showing the results
of the calculations in Section 3.3, Steps 12
and 14 (Fig. 3-7) .
20	 NPLOT	 0 Refer to Section 3.3, Steps 15-19.
	
There
will be no intermediate plots. 	 Only the
"final envelope" of model nozzles that may
be used in the test program will be plotted.
Each model nozzle in this envelope ;rill:
(1) ensure base pressure matching for all
specified sets of flight conditions to be
simulated, and (2) meet all the constraints
specified in Section 3. 3, Step I.
1 Plot intermediate data showing the results
of the calculations in Section 3.3. Step Ii
(Fig. 3-7).
25	 NNOZF
	
1,2, 3, Number of representative model nozzles in
4 or 5 Fig. 3-8 that power sweep operating char-
acteristics will be determined for (max, of
5).
Example: If NNOZF = 4, power sweep opera-
ting characteristics will be determined for
Nozzles 1. 2, 3 and 4.
4-7
z^	 LOCKHEED • HUNTSVILLE RESEARCH A LNGINEEFING CENTER
ri
I.MSC -f1R FC TR D784111
Cards 2	 Axes Identification Labels for the "Final
Envelope" of Model Nozzles
The following set of cards contains the labels placed on the horizontal
and vertical axes when the "final envelope" of model nozzles that may be used
in th, • test program is plotted. Please note that model nozzle exit Mach number
and model nozzle lip angle are alway8 plotted on the horizontal and vertical
axes, respectively. Cards 2 merely allow the program user to clearly identify
the axes labels with the model nozzle design problem being considered. ( Refer
to Fig.4-1).
Ca rd
2.1
2.2
Cards 3
Column Parameter	 Description	 Format
	
1-48
	 XFINAL	 Horizontal axis label	 8A6
	1-48	 YFINAL	 Vertical axis label 	 8A6
Vertical axis and nozzle design problem identification for optional
plots (The following cards are not required if NPLOT = 0).
The following set of cards contain the labels placed on the vertical axis
on each of the optional plots and problem identification information. These
labels do not change from plot to plot. As in Cards 2, the nozzle lip angle is
always plotted on the vertical axis and Card 3.2 merely shows the program
user to more clearly identify the axes labels with the model nozzle design
problem being considered (Refer to Fig.4-2 and 4-2a).
Card	 Column Parameter	 Description	 Format
3.1
	 1-48	 TITLE	 Nozzle design problem	 8A6
identification label
3.2	 1-36	 XLINE	 Vertical axis label	 6A6
Cards 4, 5 and 6 contain the prototype plume similarity data for the
rocket engine that the model nozzle is to simulate. These data are calculated
in Section 3.3, Step Four. Table 3-1 presents a sample of the required data
(the column labeled SP is not required input). Figure 3-2 presents a pictorial
definition of the parameters input on these cards. The values of MY 6i and y^
z
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are the plume boundary properties corresponding to each value of Pc/Pb.
These properties are determined by means of a numerical integration
through a Prandtl-Meyer expansion.
9
Card 4 - Format E10.5
Column	 Parameter	 Description
1-10	 PXME	 Me prototype exit plane Mach number at nozzle
lip.
Card 5 - Format I5 (Rigbt Adjusted)
I	 Column	 Parameter	 Description
1-5	 NPMRAY	 Number of plume boundaries for which plume
similarity data are given (30 max.) 	 s
Cards 6	 Prototype Plume Similarity - Format 4E10.5
Data (each card contains the required similarity
data along one plume boundary and is repeated
NPMRAY times). Card 6 is input in order of
increasing value of PPCOPB.
Column	 Parameter	 Description
1-10	 PPCOPB	 Pc/Pb - Prototype pressure ratio where Pc is
nozzle chamber pressure and P is the pressure
along the plume boundary. Pc/P b may be con-
sidered the independent variable, with the remain-
ing parameters on this card determined as a func-
tion of Pc/Pb'
11-20 	 PXMJ	 M  - Prototype plume boundary Mach number
corresponding to Pc/Ply.
21-30	 PDELJ
	 b.J - Prototype plume boundary initial expansion
angle corresponding to Pc/Pb.
31-40	 PGAMAJ	 y j - Prototype ratio of specific heats on the
plume boundary corresponding to Pc/Pb'
4-g
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Cards 7 and 8 contain both the program constants and the gaadynamic
and physical constraints that must be considered during the design of the
model nozzle. The constraints that are input are described as Constraints
3, 4 and 5 in Section 3.3, Step Two. Constraints 1 (Me > 1 .0) and 2 (0e> 0) of
Step 2 are set internal to the computer code and are not input requirements.
Card 7 - Format 7E10.5
Column	 Parameter	 Description
1-10	 PCMAX	 Pc max - Refer to Section 3.3, ^'tep 1, Constraints
4 and 5. Maxi, t , i model nozzle chamber pres-
sure (psis). Tl+,j corresponds to the maximum
air pressure 1v :,y capability imposed by the
facility where tcsLing is to be performed. This
value serves as an upper limit only. The actual
maximum value of P c is calculated as a function
of A*, T o
 and ril)max.
11-20 	 PC	 Pc - Refer to Section 3.3, Step 8. This is a
specified value of model nozzle chamber pressure
(psia). This value is held constant throughout
the nozzle design analysis and is usually set at
0.50 * PCMAX .
21-30 
	 PEPBMN	 P
c bmin/P	 - Refer to Section 3 ,3, Step 1,Constraint 3. Minimum allowable value of
P /Pb set to ensure that nozzle flow separation
does not occur. The value of 1'e b/P 1 min deter-
mined experimentally is 0.60.
31-40	 PATM	 Wind tunnel total pressure (psa).
Note: The nozzle design analysis is performed assuming that the model
nozzle will be flowing a constant 11 simulant gas during wind tunnel
tests. Therefore, the values of GAMAJ (Column 41-50) and GAMAE
(Columns 51-60) must be equal and are held constant throughout the
nozzle design analysis.
41-50 GAMAJ	 yi - Refer to Fig. 3-2. Model nozzle ratio of
specific heats on the plume. boundary. For a
nozzle flowing air Y  = 1.40.
4-10
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Column	 Parameter	 Description
5	 GAMAE	 ye - Refer to Fig. 3-Z. Model nozzle ratio of
specific heats at the nozzle exit plane. For a
nozzle flowing air ye =1.40.
61-70	 GAM-Ni	 yoo - Refer to Fig. 3-2. Ratio of specific heats
of wired tunnel freestreacn flow. For air y. = 1.40.
Card 8 - Format 4E10.5
Column	 Parameter
1-10	 SCALE
11-20 PEXlTD
Description
Refer to Section 3.3, Step One, Constraint 5. Ratio
of model nozzle exit diameter to prototype nozzle
exit diameter. This constraint sets the model
nozzle exit diameter and allows a direct calculation
of .A* for a given model nozzle Me.
Prototype nozzle exit diameter used to define
SCALE (in.)
21-30
31-40
WMAX	 li0max - Refer to Section 3.3, Step One, Constraint
4. Maximum model nozzle mass flow rate. This
corresponds to the maximum air mass flow rate
capability imposed by the facility where testing
is to be performed (lbm/sec).
11 0	 To - Refer to Section 3.3, Step 1, Constraint 5.
Model nozzle chamber temperature used in the
Pc )	 calculation (R) .
max
Card 9	 Flight Simulation Data and Labels for Optional
Plots (the following cards are repeated NMACH
times). Cards y are input in order of increasing
value of XMI.
The following set of cards contain the values of freestream static pressure
(13W ), prototype nozzle chamber pressure (P c ), and predicted base pressure
ratio (Ph/ M ) determined in Step 3 for each flight Mach number to be simulated
during testing; as established in Step 2. The result will be a set of flight conditions
to be simulated during wind tunnel tests similar to that presented in Table 3-2.
If NPLOT equals 1, additional labels for the optional plots are also input at this
time.
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Cy
Card 9.1 - Flight Simulation Data	 - Format 4Elti.5
Column	 Parameter	 Description
1-10	 XMI	 M^ - Refer to Section 3- 3, Step t, and Fig. 3- Z.
Scheduled flight Mach number to be simulated
during the wind tunnel test.
11-20
	
PBOPI
	
Pb/Poo - Refer to Section 3-3, Step 3. Predicted
base pressure ratio to occur at the specified
value of XMI in the ascent trajectory.
21 - 30	 PPC	 Pc - Refer to Section 3- 3, Step 3. Prototype
nozzle chamber pressure which occurs at the
specified value of XMI in the ascent trajectory
(psis).
31-40	 PPI
	
Y
w - 
Refer to Section 3-3, Step 3, and Fig. 3.2.
Prototype freestreatn static pressure which
occurs at the specified value of XMI is the ascent
trajectory (psia).
Card 9.2 - Nozzle Family Identification Label - Format 10A6(not required if NPLOT equals 0)
Column	 Parameter
1-60
	
NOZD	 Refer to Fig.4-2 and Section 3-3, Step 11. This
label identifies the family of candidate nozzles
which have been designed to ensure base pressure
matching for the flight conditions that exist at the
specified value of XMI on Card 9.1.
Card 9.3 - horizontal Axis Label - Format 6A6(not required if NPLOT equals 0)
Column	 Parameter
1-36 
	 HEDRY Refer to Fig.4-2a. Horizontal axis label for
the specified value of XMl on Card 9.1. Please
note that model nozzle exit Mach number is a
always plotted on the horizontal axis. Card 9.3
merely allows the program user to more clearly
identify the axis label with the model design
problem being considered.
w
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Table 4-2
AN EXAMPLE CASE SHOWING THE REQUIRED INPUT FORMAT USED
TO DESIGN AN "ENVELOPE" OF MODEL NOZZLES FOR POSSIBLE
USE IN WIND TUNNEL TEST IA-604 PLANNED FOR NASA-AMES
RESEARCH CENTER I1 x 11 WIND TUNNEL ( REF.1 -1)
Ca rd 1 9 1	 1	 15
Card 2 . 1 •02	 SCALE	 HPM NOZZLE EXIT MACH NUMBER
Card 262 902 SCALL HPM NOZZLE LIP ANGLE
Card 3 . 1 .02	 SCALE HPM NOZZLE DESIGN ANALYSIS TEST	 IA-604
Card 3.2 NOZZLE LIP	 ANGLE
Card 4 106S99
Card 5 17
37.64 206599	 10.490
	 142541
47.97 267864	 140258	 1.2685
61094 209;23	 180025	 1.2805
60099 3.0761
	 21.793	 192843
107.32 392!93
	 25.561
	
102887
144028 3.4131	 29.329	 102954
196.94 !.6005	 330096	 1.2997
Card 6 173.55 3.8 C26	 36.A64	 1. 3062387.20 4.0:12	 40.632
	 1.3124
Re peated $59.23 402'85	 44.395
	 1.3ld4NYMRAY d26.99 4.5;U4	 48.167	 103248Times 125501 4.8153	 51.935	 1.3326
196009 501499	 55.703
	 193406
3167.9 $05320
	 59.471
	 103485
53179! 5.9676
	 63.237	 1.3559
9336.8 6.4 766	 670006	 1 . 3627
172011.0	 7.0e74	 70.774	 1.3687
Card 7 15U7.0 750.0	 006C	 14.70 1.40	 1.40
Card 8 102 149.64	 27. Et	 50G.J
Card 9 . 1 0597 089	 72000	 10.542
Card 9.2 NOZZLE FAMILY DERIVED FOR FLIGHT	 MACH N0.	 :	 0.597
Card 9.3 NOZZLE EMIT MACH NUMBER
	
MINF=0.597
0796 .82`	 65104	 89441
NOZZLE FAMILY DERIVFD FOR FLIGHT	 M ACH N0.	 =	 0.796
NOZZLE EXIT MACH NUMBER 	 MINF=09796
090 077	 624.5
	
7.425
NOZZLE FAMILY DERIVED FOF FLIGHT	 MACH NO.	 :	 0090
NOZZLE EXIT MACH NUMBER	 MINF:0.90
095 .675	 610.E	 6.877
NOZZLE FAMILY	 DERIVED FOR FLIGHT MACH NO.	 =	 G.95
NOZZLE EXIT MACH NUMBER
	
MINF=0.95Repeated 1.04b 061	 580 0 0	 5.725NMACN NOZZLE FAMILY DERIVED FOR FLIGHT MACH NO.	 =	 1.048Times NOZZLE EXIT MACH NUMBER	 MINF=1.048
1.10 964	 571.3
	
59477
NOZZLE FAMILY DERIVED FOF	 FLIGHT MACH NO.	 =	 1.10
NOZZLE EXIT MACH NU MBER	 MINF=1.10
1.148 .65	 570.0
	 40827
NOZZLE FAMILY DERIVED FOF FLIGHT
	 MACH h0.	 =	 1.148
NOZZLE E X I T M ACH NUMBER	 MINF:1.148
1.249 069	 576.2
	
4.105
NOZZLE FAMILY GERTVED FOR FLIGHT MACH N0.	 :	 19249
NOZZLE EXIT MACH NUMBER	 M INF:1.249
194C3 077	 586.0
	 3.276
NOZZLE FAMILY DERIVED FOR FLIGHT MACH NO.	 =	 1.403
NOZZLE EXIT MACH NUMBER
	 MINF:1.4Q
a
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422 Control Card Set-Up for Univac 1108 Exec 8
A typical run stream set-up for the Univac 1108 Exec 8 computer is
presented in this section. It is presented to acquaint the program user with
the magnetic tape assignments and required communications with the com-
puter. The data deck has been described in Section 4.2.1 and an example
case presented in Table 4-t.
The program tape referenced on the following page contains a data file
designated as t!PM. The data in this file are presented in Table 4-2 for the
wind tunnel test IA-604 planned for NASA-Ames Research Center 11 x 11 ft
wind tunnel (Ref.l-1). Therefore, if the program user wishes to run a sample
case, all that is necessary is to replace the DATA DECK cards with the one
card:
( VADD, P HPM
If the program user desires to add his own new data file :o the progi n
tape the following cards must be inserted as indicated by "optional insert" in
the r ►unstream.
V END
"Optional Insert"
	
	 NEW DATA DECK (according to Section 4.Z.1)
DELT, DIL NEW, NEW
note: NEW is the designation of the new data file.
and the original DATA DECK is replaced with the one card:
F
VADU,P NEW
-1	 4-14
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l
^V FIN	 1
	
r VFIN	 01
Ir 	 DATA DECK
	
r VXQT DE	 ^L
Optional Inst-rt	 1.111 SYS$':' MSFC:FOR$. Q3
C±
IV MAP, IN DE, DE
V PRT, T	 `:/
V FREE NOZI)S	 Q
VCOPIN NOZI)S, TPF$.
VASG, T TPF$., F/j/800 	 +8^
VFREE TPF$.
VREWIND NOZDS	 0
17ASG, TF NOZDS, T. 11775	 10
VRUN CONTROL, CARD -- This is the first card in the run stream.
01	 The analysis is finished
OL	 Program is executed
`J System subroutines are trade available for program use
`J The program is mapped
0 A listing of subroutine names in program is printed
@6, The program tape is removed from tape reader
0 Copies the program tape into computer storage
08	 Assigns sufficient computer storage for the program tapeQ Returns the tape to its beginning
10	 Assigns the program tape
CONTROL CARD SET-UP
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Once the new program tape is made containing the two data files, the
program user has the option of using either of the two data files. This pro-
cess can be continued until several data files are available for the program
user. The data file chosen will be a function of the nozzle design problem
being; considered and can be called by replacing the DATA DECK with the
one ca rd
rVADD, P OPTION
where OPTION is the name of the data file chosen.
4.3 OUTPUT FOR "AT
This section describes the printed output as well as the plotted output
for the computer code. The example output presented is for the model nozzle
design analysis performed for the wind tunnel test iA-604 planned for the
NASA-Ames Research Center 11 x 11 wind tunnel (Ref.1-1) and is the result
of the input data presented in Table 4-2.
The computer code output is organized so that the initial page contains
a description of the model nozzle design problem being considered. The
problem description is presented in such a manner that most of the input data
are listed. if NI-3 1ZINT has been set equal to 1, the second and subsequent pages
will contain a listing of the intermediate data showing the results of the calcu-
lat ions performed in Section 3.3, Steps 12 and 14 (Fig. 3-7) . A typical print-
out for each of the two steps are presented to demonstrate tae output for each
p. The final pages of the computer code output contain the final "envelope"
Model nozzle designs, and corresponding power sweep operating character-
cs of representative model nozzles for each of the desired fligh t , .,)nd;tions
)e simulated in the wind tunnel test. Numbered flags on the exar ir.s . , print-
sheets correspond to the numbered comments in the following description
he printout. The calculations are performed in English units.
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1Q  This corresponds to the value of NMACH input on Card 1,
and is equal to the anticipated number of scheduled flight
Mach numbers to be simulated during testing.
02 identifies the form of the similarity parameter used in
the nozzle design analysis.
Items 03 through 07 identify the prototyi)e p; _..-ne similarity data for the
rocket engine that the model nozzle is to simulate. Figure 3-2 presents a
pictorial definition of these parameters. The values of MY 
6  
and y  are the
plume boundary properties corresponding to each value of P c/PW '.These
properties are determined by means of a numerical integration through a
Prandtl-Meyer expansion.
Q PC/ PB: Prototype pressure ratio along the plume boundary(Pc/Pb ) where Pc is the nozzle chamber pressure and P b is
the vehicle base pressure.
® MJET: Prototype plume boundary Mach number (Mi).
0 DEW: Prototype plume boundary initial expansion angle(bj).
© GAMAJ: Prototype ratio of specific heats on the plume
boundary O' J ) .
7U $P: This is the value of similarity parameter corresponding
to each value of Pc/Pb that results when using the values of
A and B specified in item 0 .
Items ® through 1 Z identify the .flight conditions that the model nozzle will
be designed to simulate during the wind tunnel tests.
® MINF: Scheduled flight Mach number to be simulated during
the wind tunnel test (M cc ). The values of Pb/Po , Pc and P.,
are those flight conditions corresponding to each value of 
M00in the ascent trajectory.
4-17
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PB/Pl: Prvdicted value of base pressure ratio (PI/P^).
10 PC: Prototype nozzle chamber pressure (P c . psia).
11	 PI: Prototype freestream static pressure (P00, psia).
1 Z SPNOM: Value of similarity parameter required to ensure
base pressure matching corresponding to each value of M
00
GROUP Z - OPTIONAL NOZZLE "FAMILY" DATA (not printed if NPRINT= 0)
Items 13 through Z3 define a "family" of candidate model nozzles which
have been designed to ensure base pressure matching for "one" specified
set of flight conditions. Each candidate nozzle in this family is defined by
0e and M e and is designed based on a constant value of P c (usually set equal
to 5010 of the maximum available air pressure supply). The nozzle flow
separation constraint of Section 3.3, Step 1, is the only constraint considered
at this point in the analysis.
One "family" of candidate model nozzles is presented for each scheduled
flight Mach number to be simulated during testing.
P
E
E.
13 WIND TUNNEL PI: Wind tunnel free stream static
pressure (psia). This is not necessarily equal to the
prototype freestream static pressure.
14	 1,11' ANGLE: Model nozzle exit plane wall angle( (I
,,, (leg)
15 MEXIT: Model nozzle exit plane Mach number (Me,
dimensionless)
16 PC/Pl: Ratio of model nozzle chamber pressure to
wind tunnel static pressure. (This ratio is constant
for a specified set of flight conditions.)
17	 PE/PB: Ratio of model nozzle exit plane static pres-
sure to vehicle base region pressure. Nozzles with
a Pe/Pb
 less than 0.60 will experience nozzle flow
separation and are not considered further in the analysis.
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^1^td PC,! PB: Ratio of model nozzle chamber pressure to vehicle
base region pressure. (This ratio is constant for a specified
set -r-.f flight conditions .)
19 PC/PE: Ratio of model nozzle chamber pressure to exit
plalie static pressure.
O  MJET: Plume boundary Mach number determined as a func-
^^--	
tion of PC,/ PB (Mi . dimensionless).
l 1	 AE/A*: Model nozzle area ratiu (A e/A*, dimensionless).
LL DELJ: Init ►al plume expansion angle measured from th-
inodel nozzle centerline (6,, deg).
J
L 3 Lowest value of exit plane Mach number in the iterative
solution that results i a PE/PB less than 0.60. Model
nozzles with M > L3 are not considered further in
e—
the analysis.
GROUP 3 - OPTIONAL NOZZLE "ENVELOPE" DATA (not printed if
NPRINT - 0; not plotted if NPLOT _ 0).
The data presented in Group 3 define an "envelope" of candidate model nozzles
that will: (1) ensure base pressure snatching for "one" specified set of flight
conditions to be simulated, and (L) meet all of the constraints that must be
considered in the nozzle design study for that set of flight conditions. Each
"family" of nozzles pre-rented in the Group 3 dais are those nozzles in each
"family" of the Group L data that satisfy the model nozzle design constraint
SPminiiilum 5.0 < SP	 <,^  SYmaximum 5'0
where SPnorninal " SPNOM corre.-ponding to each flight Mach number,
SP	
c
minimum corresponds to that value of P' that will result in flow separation
in the model nozzle, and SP maximumcorresponds to either the maximum
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auxiliary air pressure supply or maximum mass flow rate capability of the
test facility.
One "envelope" of candidate model nozzles is presented for each scheduled
flight Mach number to be simulated during tasting.
Figure 4-2 is a graphical representation of the Group 3 data. These plots
are made automatically if NPLOT ^ 1 .
24 SPMIN: Minirnum obtainable value of similarity parameter
for the given model nozzle and specified flight conditions.
Corresponds to that value of P (PCMIN) that will result in
flow separation in the model nozzle.
25 SPMAX: Maximum obtainable value of similarity parameter
for the given model nozzle and specified flight conditions.
Corresponds to PCMAX.
26 PCMAX: Maximum allowable value of model nozzle chamber
pressure. PCMAX is set equal to the lesser of either ff e
maximum auxiliary air pressure supply or the chamber
pressure corresponding to the maxintuni mass flow rate
capability of the test facility .
GROUP 4 - FINAL MODEL NOZZLE ENVELOPE DEFINITION AND RANGE
OF APPLICATION
Items 27 and U8 	 the coordinates which define the "final envelope"
of model nozzles that may be used in the test program. Each model nozzle
in this envelope will: (1 ) ensure base pressure matching for "all" specified
sets of flight conditions to be simulated, and (2) meet all of the constraints
that must be considered in the nozzle design study. Figure 4-1 presents a
computer code plot of the final envelope of model nozzles that may be used
in wind tunnel test IA-604. A plot of the final envelope of model nozzles is
made automatically independent of the value of NPLOT.
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t
29 Schedule of flight Mach numbers that may be simulated
with the "final envelope" of model nozzles defined above.
'The power sweep operating characteristics will be pre-
sented in the Group 5 data for each of these scheduled
flight Mach numbers.
GROUP 5 - POWER SWEEP OPERATING CHARACTERISTICS
Items 30 through @ 12 through 15 , ®. (R and L5 define the power
sweep operating characteristics of five representative model nozzles that
exist in the "final envelope" of Fig. 4-1 for each of the scheduled flight Mach
numbers to be simulated.
	
00 	 Nozzle: identification. See Fig. 3-ti for the
relative location of each nozzle in the "final envelope."
15 MERIT: Model nozzle exit plane Mach number (Me,
dimensionless).
14 LAP ANGLE: Model nozzle exit plane wall angle
(t) e, , deg).
MINF: Scheduled flight Mach number to be simulated
during the wind 'cunnel test (M LC ).
L4 SPMIN: Minimum obtainable value of similarity param-
eter for the given model nozzle and specified flight
renditions.
	
31	 PCMAN: Value of model nozzle chamber pressure
corresponding to SPMIN (psia).
IL Sl'N(-)h:: Value of similarity parameter required to
ensure base pressure matching for the given model
nozzle and specified flight conditions.
32 PCNOM: Value of model nozzie chamber pressure
corresponding; to SPNOM (psia).
25 SPMAX: Maximum obtainable value of similarity
parameter for the given model nozzle and specified
flight conditions.
33 FCM.AX: Value of model nozzle chamber pressure
corresponding to SPMAX (psia).
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WIND TUNNEL PINF: Wind tunnel freestream static
pressure (psis).
DSTAR: Model nozzle throat diameter (in.)
305 DEXIT: Model nozzle exit diameter (in.).
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Example Computer Code Printout and Plots
for the Model Nozzle Design Analysis Per-
formed for the Wind Tun viel 'Test IA-604
Planned for the NASA/Ames Research Center
1 1 x 1 1 Wind Tunnel (Ref. 1- 1)
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FINAL ENVELOPE OF MODEL NOZZLES THAT MAY BE USED IN
THE TEST PROGRAM WHICH MEET THE SIMILARITY PARAMETER
CRITERIA. MASS FLOW AND FLOW SEPARATION RESTRICTIONS
IS PLOTTED BELOW. THE SIMILARITY PARAMETER USED IN
THE NOZZLE DESIGN STUDY IS DEFINED BY T;iE RELATIONSHIP
SP x MJET•OELJ /(MEXIT• • A • GAMAJ**B). WHERE A n	 .250
AND B= 1.0 1)0 . THE MODEL NOZZLES REPRESENTED BELOW MAY
BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT EXIST
FOR ALL FREE STREAM MACH NUMBERS TO BE TESTED.
.02 Scala 11F`M Nozzle Exit Macli Number
^_ XFINAL input
Fig. 4-1	 on Card 2.1
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THAT
I
	 MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER=
	 .597
n.0
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3.1	 3.2
	 3.3	 3.4	 3.9	 3.6	 3.
Nozzle Exit Mach Number MINF = 0.597
02 Scale I-IPM Nozzle Design Analysis Test IA-604
HEDRP input on
	
^_TITLE input onCard 9.3
	 Card 3,1
7
Fig. 4 -2a
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THE SYMBOLS PLOTTED BELOW REPR:SENT MODEL NOZZLES THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NIMBER •
	.796
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NOZZLE EXIT MACH NUMBER W N"=0.796
.02 SCALE HPM NOZZLE DESIGN ANALYSIS TEST IA-604
Fig. 4••2b
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THAT
.	 MAY BE USED TO SIMULATE THE FLIGHT CONDITI13NS THAT
g	 EXIST FOR A FREE STREAM MACH NOMBERs	 .900
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 3.40
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NOZZLE EXIT MACH NUMBER 	 MINI=0.90
.02 SCALE HPM NOZZLE DESIGN ANALYSIS TEST IA-604
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER=	 .950
U.
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n
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NOZZLE EXIT MACH NUMBER MINF=0.95
.02 SCALE NPM NOZZLE DESIGN ANALYSIS TEST IA-604
Fig. 4-2d
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NO'ZaZLES THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH DUMBER= 1.048
I
^T
NOZZLE EXIT MACH NUMBER
	 M1NF=1.048
.02 SCALE NPM NOZZLE DESIGN ANALYSIS TEST IA-604
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL .NOZZLES THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER m
 1.100
M.
W
4
J
W
14
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NOZZLE EXIT MACH NUMBER
	 MINF=1.10
.01 SCALE HPM NOZZLE DESIGN ANALYSIS TEST IA-604
Fig. 4-2f
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THE SYMCOLS PLOTTED BELOW REPFESENT MODEL NOZZLES THAT
MAY BE USED TO SIMULATE THE FIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER • 1.148
NOZZLE EXIT MACH NUMBER
	 MI4F =1.148
.02 SCALE HPM NOZZLE DESIGN ANALYSIS TEST IA-604
Fig. 4-2g
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THE SYMBOLS PLOTTED BELOW REPRESENT MODEL NOZZLE$ THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER• 1.249
NOZZLE EXIT MACH NUMBER	 MIIIF=1.249
.02 SCALE HPM NOZZLE DESIGN ANALYSIS TEST IA-604
Fig. 4 -2h
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THE S YM BOLS PLOTTED BELOW REPRESENT MODEL NOZZLES THAT
MAY BE USED TO SIMULATE THE FLIGHT CONDITIONS THAT
EXIST FOR A FREE STREAM MACH NUMBER •
 1.403
sn.
!D.
tT
I Fill
ao.
3.10	 3.40
	 3.60
	 3.90	 4.00
NOZZLE EXIT MACH NUMBER
	 MiNF=1.403
.02 SCALE HPM NOZZLE DESIGN ANALYSIS TEST IA-604
Fig. 4-'i
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Appendix
A LISTING OF A COMPUTER CODE USED
TO DESIGN MODEL NOZZLES WHICH
MEET MSFC BASE PRESSURE
SIMILARITY PA J.AMETER CRITERIAfi
1!
r
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r
SUBROUTINE ARATIOI6AMMA 9 XMrAR1
-	 G"I:GAMMA-1.0
GPI:GAMMA•1.0
C1► :GP1/12.0.4«II
A:2.OIGP!
AR:IIA•BI••[XPI/XM
RETURN
END
SUBROUTINE CN1CXIXO9NNO29NP9XL9XQgKl
OIPENSION X012092S92019NP12092S1
xR:u.
XL:100000000000000
00 102 1:19NNO2
N:NP 11 rK 1
1FIN9EO.OlG0 TO 102
DO 103 J:194
IFIXD119JrK1-1R110091009101
101 XR:XDII 9JrM 1
100 IfIXL-XD119J9041110391039104
104 XL:XOIIrJ91ll
103 CONTINUE
102 CONTINUE
RETURN
Eno
SLBROLI TINE C0148031JMAX1
COMMON/ COI/GAMAJrGAMAE•GAMAIrPATM•ArB
CCMMON/CO2/PCMAX9PEP8MA9PC
COMMON/ CO3/NMACN9NSP9NNOZ9NPRINT9NPLOT
COMMON/C04/SPI1201rPBOP112019x"112019P11201
COMMGN/COS/P70P142019PCOPI12019PCOPB12019xMJ12019PMJ1201
COMMON/C06/PCCP[120925191«F12O92519PME12092519AOAS1209251r
SDEL1AJ12092519THETL120 ► 2519PEOP112092519P[OPB12C9251
1 FORMATISE10.51
2 FORMATIIN0911h ITSUB ZINC EE10.51
3 IORMATIIX910E10.51
4 FORMA11151
5 FOR 04ATIZX 9 9 MINF : 1 9E10.59 6 	WINO T UNNEL PI : 6 9EIO.Se • 	PB/PI
S 1 9 E1C.5 9 9 	SPNOM : tofic.51
b FORMATIINV,IX 9 1 04EXIT IS SUBSONIC AND TEMPOR A RILY SET : 1.1001
7 FORMAI11H0,11, 9 LIP ANGLE	 "EXIT	 PC/P1	 PE/P8	 N°/ PB
S PC/PE	 MJLT	 AE /A s 	DELJ	 •1
8 FORMA11INC,IX 9 • FLOW SEPARATION OCCURS FOR "EXIT GREATER THA" •9
SE10.5 9 0 WHEN IINF = 09E10.51
9 FORMATIlN1 9 1X9 9 THE FOLLOWING IS A NOZZLE FAMILY DERIVED 10 SIMULAT
SE THE FLIGHT CONDITIONS•1
JrA1 :25
DO 130 I:IrNMACH
FREE STREAM PRESSURE RATIO
CALL PRA7301GAMA1•XM31119PTOPIIIII
FREE STREAM STATIC PRESSURE
P11I1:PATM/PTOPIIII
IFINPRINT.EO.CIGO TO 15
WR1TE16941
WR1TE169SIX011I19PIII19PBOP11119SP11I1
WRITE46971
15 CONTINUE
A-1
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C•
C•
R+
Subroutine COMB03 (Cont'd)
PCOPIIII:PC/ ► IIII
PCOPBIII:PCOPIIII/PBOPIIII
Ce	 MACH NUMBER ON THE JET BOUNDARY
CALL MACHlGAPAJ,PCOPB111,XMJIIII
C e
	
	JET BOUNDARY ISENTROPIC EXPANSION ANGLE
CALL PRNOIGAMAJ,XMJIII,PMJIIII
Gs
Ce	 THE FOLLOWING STATEMENTS CALCULATE NO22LE LIP ANGLE FOR
C•	 A DESIGNATED PC/PE
Ce
PCOPEII,11:SeC
00 110 J:1,JMAX
Ce
	
	 MACH NUMBER ON THE NOZZLE EXIT PLANE
CAL1 MACNIGAM E,PCOPEII •J1,XMEI I,JI l
co
	
	 NOZZLE LIP ISEIITROPIC EXPANSION ANGLE
CALL PRNOIGAMAE,XMEII,JI,PMEt1,J11
Ce
	
	
NO22LF EXIT PLANE AREA RATIO 	 AE/Ae
CALL ARATIOIGAMAE,XMEII,JI,AOASII,J11
Ce
	
	PLUME BOUNDARY INITIAL EXPANSION ANGLE
OELTAJII,JI:ISPIIII/XMJIIIIe1XME1T•J1**AeGAMAJeeBI
Ce	 NOZZLE LIP ANGLE
THETLII•JI:OELTAJII,JIoPMEII,JI-PMJIII
PEOPIII•JI:PBOPltllePCOPB1Il/PCOPEII,JI
PEOP81I,J1:PCOPtl111/PCOPEII,JI
IFINPRINT.EQ.O1G0 TO 20
WRITE16,31THEILII,JI,XMEII,JI,PCOPIIII,PEOPBII,J1,
SPCOPSIII,PCOPEII,JI,XMJIII,AOASII,JI,OELTAJII,JI
20 CONTINUE
IFIPEOP8II,JI.LE.CEP6MN1G0 TO 120
IFIXMLII,JI.G7.3.S1G0 TO 30
PCOPEII,J•l1:PCOPEII,JI#S.0
co TO 100
30 CONTINUE
PCOPFII*J*11:PCOPEII,J1*20.0
ICD CONTINUE
IIC CONTINUE
GO TO 125
12C CONTINUE
JMAX_J
125 CONTINUE
IFINPRINT.EQ.C1GO TO 130
MRITE16,81XMEII,JI9XMIIll
130 CONTINUE
RETURN
ENO
SUBROUTINE DESIGN
CALL INPUT
CALL COM8031JMAX!
CALL SPRNGEIJPAXI
CALL FINAL
RETURN
END
A-2
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SUBROUiINE FINAL
C• THIS SUBROUTINE DETERMINES THE FINAL ENVELOPE OF NOZZLES THAT NAY . BE USED
C• IN THE TEST PROGRAM SUBJECT TO MASS FLOW AND FLOW SEPARATION CONS1 .	 PAINTS
COMMON/COT/GAPAJIGAMAE.GAMAlOPAT040AOB
COMMON/CO31NMACNONSPONNOZONPRINTIN ►LOT
COMMON/COATSP11201^IBOP11201•XMI1201^P11201
COMMON/C00/NME5120,25,201	 THE TL012002ST201ONP1200251
( COMMON/CO91HEORP112920loOLINE112itxrlNAL11219YFINAL1121
COMMON/ TESi I /XIIE I # XMER • THLB o THLT 9 THU T ,T11US90MAN
OIMENSION THETLL120191HETLU1201
DIMENSION ENVELIAOITY11Tll2lollII1121
:. DATA	 IENVEL111,1=1,601/ 9F INAL ENVELOPE Of	 MODEL	 NOZZLES THAT	 MAY B
SE USED IN	 THE	 TEST PROGRAM WHICH MEET	 THE SIMILARITY PARAMETER
SCRITERIA• MASS FLOW AND FLOW SEPARATION RESTRICTIONS 	 15 PLOTTED B
SCLOW. THE SIMILARITY PARAMETER USED IN	 THE NOZZLE DESIGN STUDY
US OEf1NED BY THE	 RELAIIONSIIIPSP=IiJETODELJIIMENl1*$A$GAMAJO $BI.	 WH
SERE	 A--	 AND B=	 .	 THE MODEL NOZZLES REPRESENTED GEL
Sob MAYBE
	
USED 10 SIMULATE THE FLIGHT	 CONDITIONS THAT EXiST	 FOR	 AL
SL FREE	 STREAM MACH NUMBERS	 TO BE	 TESTED.	 •/
DATA PLANK/6H	 /
1 FORMA111H1010 THE FINAL ENVELOPE Of 	 MODEL NOZZLES THAT MAY BE USE
SD iN	 THE
	
TEST PROGRAM WHICH MEET	 THE	 SIMILARITV f /2X T 'PARANETER CRI
STER1An	 MASS FLOW AND FLOW SEPARATION RESTRICTIONS ARE 	 DEFINED BY T
SHE
	 COORDINATES01
2 FORMAT4IHO ' I3X ► `NOZZLE	 EXiT	 MACH NUMBIR 9 ,20110NOZZLE LIP ANGLE 	 TOE
SG1'1
3	 FORMA111X,19X.Ei0.S.36X9E10.51
Y fORMAT11HO,1X, 0 THE
	
FLIGHT MACH NUMBERS THAT	 MAY Rf	 SIMULATED	 WITH
STHIS ENVELOPE OF	 NOZZLES ARE•$
5 FORMATIZX,'FREC,
	 STREAM	 MACH	 NUMBERS	 =9910110.51
C• THE	 FOLLOWING STATEMENTS DETERMINE 	 THE UPPER LIMIT	 ON NOZZLE	 EXIT .	 MACH NO.
XPER=10D000.0
XMEL=r.O
DO	 102	 I:IvNNOZ
N=NPIITII
IfIXMER-XMEDII.No111102o1D2T101
101	 XPER=XMEDII,N,II
102 CONTINUE
C• THE	 FOLLOWING STATEMENTS DETERMINE 	 THE LOWER LIMIT	 ON NOZZLE	 EXiT .	 MACH No.
KrAX_NMACH
IC3 CONTINUE
00	 105	 1= 1 9 NNOZ
IFIXMEDIl,IoKMAX1-XMELIIOS,IOS,I04
IV4	 XMEL=XME011•I.KMAXI
105 CONTINUE
IFIXMEL.LE.XMERIGO	 TO	 11,6
KMAX_KMAX-1
GO 10	 103
to THE
	
FOLLOWING STATEMENTS DETERMINE 	 THE UPPER AND LOWER LIMITS Of N .	 OZZLE
C• LIP ANGLE CORRESPONDING	 TO	 THE LOWER LIMIT	 AND UPPER LIMIT OF NOZZ .	 LE	 EXIT
C+ MACH	 NUMBER RESPECTIVELY
106 CONTINUE
JJ_0
00	 111,	1=19NNOZ
N--NPII'KMAXI
00	 109	 J--ITN
IFIABSIXMEDIl•J.KMAXI-X MELI.LE..OI$GO	 TO	 LOB
GO TO	 109
IDS CONTINUE
JJ=JJl1
THETLLIJJI:THETLD(19JtKM;-TI
GO 10
	 110
109 CONTINUE
110 CONTINUE
JJMAX=JJ
§ hK_O
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Subrcultlnc FINAL (Cont'd)
00 IlS I:I9NNOZ
N:NP11011
00 114 J:10N
IFIABSIXMEDII 0 J 0 11-XMERI.LE..01160 10 113
GO f0 114
113 CONTINUE
KK:KKo1
7PF1441IKK1:THETL01I t i l l I
GO TO 11S
114 CONTINUE
115 CONTINUE
KKMAX:K
THL9:100'10.0
VMLT:C.CC
THUG:10000060
THUT:C.O
00 12C 1:10JJMAX
IFITHE1LL111-THL1111701170116
116 1HLT:'f HE ILL III
117 IFITNL5-THETLLII1111901190119
119 1HLB:IHETLLIII
119 CONTINUE
120 CONTINUE
00 125 1:10KKMAX
IFITHETLU111- 1HUT112201220121
121 IMUT:THETLU111
122 IFITHUS-THETLUIT1112401240123
123 THU9:THETLUIII
124 CONTINUE
I2S CONTINUE
wRITE16011
wRITE16021
wRITE1603 ► XMELOTHLB
WRITE16031X04ELPTHLT
wRITE16031XMER0THUT
wRITE16031xMER0THUG
wRI TE 16 041
wRITE160511XMI11101:10KMAX1
ENCOOE16990EhVEL1S311A
EN000E16969ENVEL(56)16
699 FORMA11F6.31
CALL CHSIZV12021
CALL 01TEZV150,1000,1023040929480910ENVEL9IERI
C•	 LOAD LABELS FOR AYES
DO 699 II:1012
YTIT(I1):YFINALIIII
699 XTITIIII:XFINALIIII
00 700 KK=1012
JK:KK
IFIX ITT IJKI.EC.BLANK)GO 10 701
700 CONTINUE
701 CONTINUE
JK:JK-2
IXSHF:512-JK*54
L•	 SET UP GRID ORIGIN
CALL SETMIV13003003402S01
IwY:O
16x=o
YMIN:THLS
YNAx=THUT
,MINZXMEL
XMAX:XMER
A-4
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Subroutine FINAL (Cont'd)
CALL NYLINIYNiN,YMAN,IYY,AMIN,AMAN,DY,NY,NVL,NVt)
VMIN:ANIN
TMAX:AMAX
CALL XYLIMINNIN,XMAX,IYX,AMIN,AMAX,UX,NN,NXL,NNZI
XMIN:AMIN
XMAX:ANAN
4.,
C•	 SET UP GRID
CALL CHSIZV(2921
CALL GRIDIV42,XMIN91MAX,YMIN,VNAX,DX9DY,NX,NV,NXLINTL,NNZ,NY21
C•
C•	 PRINT VERTICAL SCALE LABEL
CALL RITE2V112,200,102391809294e,1,v11T,IER1
C•	 PRINT HORIZONTAL SCALE LABEL
CALL RITE2V11XSHF,16,1023,9092,48,1,NT1T,lER1
C•
C•	 PLOT FINAL N072LE ENVELOPE
IXMEL:NXVIXMELI
IXNER:NXVIXMEP)
ITHLT:NVVITMLT)
ITHLB:NYVITHLNI
ITMUT:NVVITNUTI
ITHUB:NYVITHUP)
CALL LINEVIIXMEL,ITHLB,IXMEL,IIHLTI
CALL LINEVIIXMEL,ITHLT,IXMER,ITHUTI
CALL LINEVIIXMER,ITHUT,IXPER,ITHUBI
CALL LINEV(IXMER,ITHU89IXMEL9ITHL8i
CALL TEST
RETURN
ENO
SUBROUTINE FIRSTINNOZ)
EXTERNAL TABL4V,TABLIV
COMMON/HIM/TIlLEISI
COMMON/CD/NOx01109201
D104 ENSION HEAL461
DATA 4EAD/6HSYNBOL,6H NA7Z,6HLE FAM,6NILY I0,6HENTIFI ♦6HCATION/
CALL FRANEV101
CALL CHSIZV13,3)
CALL RITE2V(1r,09995,IO2399092948,l,TITLE,IER1
C+ •	PRINT TABLE HEADING
CALL CHSIZV12,21
CALL R:1E2V(144,60091023,90,29369I,HEAO,IER1
C
C+•	 SVMBOL TABLE
11:174
IT:S6e
NY:IV-10
I JM: 1
CALL CHSIZV12,21
DC 15 I:I,NN07
CALL VCHARV(90,I,IX,NY,IJH,TABL4V)
CALL RITSTVIIT,I2,TABLIV1
NA:NY*6
CALL PITE2V1290,NA,102399092,60,1,N0ZDIl,I1,IER1
IY:IY-20
NY:IV-lo
15 IJM:IJM•1
RETURN
END
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SUBROUTINE GRAPHIYNAX,TMjN,XMAX, XMIN,XG,OCN,XTIT,TTIT,NP,NNO2,K1
C
Coo
	
SUBROUTINE GRAPH SETS UP THE GRIDS AND CONTROLS PLOTTING
C
EXTERNAL TABLIV
COMM ON/ XHS/1 XS
COMMON/10 IM/TI1LE181
COMMON/CO4/SF11201,PBOPI1201,XM11201,Pj(201
698 FORMATIF6,31
DIMENSION XT31112),YTIT/121,SYMBOL1251
DATA (SVO40OL4I1 9 1=1 9 2511 0 THE SYNBOLS PLOTTED BELOW REPRESENT MODEL
6 NO22LES THAI"AY 8E USED TO SIMULATE THE FLIGHT CONDITIONS THAT
6 EXIST FOR A fREE STREAM MACH NUMBER= 	 '/
DIMENSION NP120,2S)tXDf2Ov2SlvDCNl20v2Sl
C
Coo ADVANCE FRAME
CALLFRANEV101
f.
Cos
	
SETUP GRID ORIGIN
CALL SETMIV43 930,68,134)
YSAVV=YMAX
YSAVA:TNIN
XSAVV:XMAX
XSAVA=XMIN
C
IwY=O
lWX:O
CALLXYLINIVMIN,YMAX,IWY,AMIN,AMAX,DY,NY,NYL,NYZI
Y PIN =AMIN
YMAX=AMAX
CALL XYLIMIXMIN O XMAXq:WX,A M IN, AMA X,OX,NX,NXL,NXZ1
XMIN =AM IN
XMAX=AMAX
C
Coo	 SET UP GRID
CALL CHSIZV12,2)
CALL RITSIV112,2b,1ABL1V1
CALL GRIDIVIZ,XMIN,XNAX,YMIN,YMAX,DX,DY,NX,NY,NXL,NYL,NXZ,NYZI
YMAX=YSAVV
YMIN=YSAVA
XMAX =YS AVV
XMIN=XSAVA
C
C
Coo
	 PRINT VERTICAt. LABEL
CALL RITE2V(12,404,1023,180,2,3b,l01119IER)
Coo	 FRINT HORIZONTAL SCALE TITLE
CALL RITE2VIIXS,SD,1023.90#2,3b,I,XTIT,IERI
C
C+•	 PRINT FIGURE TITLE
CALL CHSIZV43931
CALL RjTE2VIISD,I091023990.2,489I,1I7LE,IER)
Cos
	
PRINT DEFINITIVE NOTE
CALL CHSIZV12,2)
CALL RITSTV118,26,TABLIV)
ENCOOEt696,SYMBOL12S11XMI(K1
CALL RI1E2V1SO,1000,1023,90,2,ISO,I,SYMBOL,IER)
43 CONTINUE
l JM : 1
00 299 INK:I,NNOZ
NPJ =NP I INN, K)
00 301 JJ:I,NPJ
CALLPOINTXIXOIINK,JJI,DCNIINK,JJ),IJMI
301 CONTINUE
IJM= limo 1
299 CONTINUE
RETURN
ENO
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Data File NPM
9	 I	 1	 1	 S
002 SCALE WPM NOZZLE E:I1 MACH NUMBER
002 SCALE MPH NOZZLE LIP ANGLE
.02 SCALE MPM NOZZLE DESIGN ANALYSIS TEST I4-604
NOZZLE LIP ANGLE
206599
17
37064	 246599	 10.490	 I.2S4I
47097	 207864	 140258	 1.2665
61.94	 299223	 18.025	 1.2805
!0099	 3.0761	 210193	 102643
107032	 3.2393	 250561
	
102987
144026	 304131	 29.329	 102 934
I Qb094	 3060DS	 33.096	 102997
273.SS	 304026	 360864	 103062
387020	 400212	 409632	 103124
559.?r
	 4.2585	 44.795	 103184
62b.99	 495204	 490167	 103248
125S.I
	 408153	 510935	 103326
1940.9	 591499	 SS0703	 103406
116709	 S.S32C	 590471
	 103485
$31703	 S.+)676	 63.:37	 1.3SS9
933608
	
6.4746	 676006	 1.3627
172111 1.0	 7.0874	 70074	 1.3687
ISUD.O
	
75000	 Bobo	 14670
	 1040	 1040
	
1040
.C2	 149.64	 270'	 50000
0S97	 689	 720.0
	 100542
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N00 : 00597
NOZZLE EXIT MACH NUMBE4
	
1,INF:00S97
.796
	 .825	 651.4	 80441
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N0. : 00796
NOZZLE EXIT MACH NUMBER
	
10 IhF:C0796
.00	 .77
	
62405	 70425
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N0. : 0090
NOZZLE EXIT MACH NUMBER
	
MINF:0.90
095	 .b75
	 610.2	 b.877
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N0. : 0.9S
NOZZLE EXIT MACH NUMBER
	 MINF=0095
1.046	 061
	 580.0	 50725
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N00 : 10048
NOZZLE EXIT MACH NUMBER	 M1NF:16048
1.10	 .64	 571.3
	
5.477
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N0. : 1010
NOZZLE EXIT MACH NUMBER	 MINF:1010
10146	 .b5	 57000
	 46827
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N00 : 1.148
NOZZLE EXIT MACH NUMBER	 MINF:1.f48
1.249	 .b9	 S1692
	 40105
NOZZLE FAMILY DERIVED FCR FLIGHT HACH NO. : 19249
NOZZLE EXIT MACH NUMBER	 MINF:1.249
1.401	 .77	 58600	 3.276
NOZZLE FAMILY DERIVED FOR FLIGHT MACH N0. : 1.403
NOZZLE EXIT MACH NUMBER	 MINF:19403
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SUBROUTINE INPUT
COMMON/COI /GAMAJrBAMAEoGAMAI#PAINtAtt
COMMON/CO2 /PCMA1,PE ►BNN,PC
COMMON/CO31NMACII9NSPINNOZONPRINT,NPLOT
C014IION/C04/ SP11201oPBOPI1201oXP112oltP11201
COMM ON/ C07/SCALI PEXITO.WMAX'10
CuM110N/COY/NEDRP112.201.XLINEII2liXFINAL112/,VfINAL1121
COMMON/TES121NNOZf 	 y
C.IMMONI X IM/ T I TLE IB I
COMMON/CD/N0I01109201
DIMENSION PPCOPB1301.PXMJ13CP#PDELJ13019PGAMAJ1301tPSW1 !OI.PPC1201
S,PP11701
1 FORMAllg151
1 FORMATISE10.51
3 r ORMATIlH1.IX9 * ^!E6sN A NEW NOZZLE DESIGN STUDY. It IS ANTICIPATED
SINAI INC NOZZLE WILL BE DESIGNED fOR 6 .I29' FREE STREAM MACH NUMBE
SRS.'1
13 rORMA111N0.11, 9 THE SIMILARITY PARAM1.'1[R USED IN THIS NOZZLE DESIGN
S STUDY IS DEFINED BY THE RELATIONSHIP'0299 1 SP : NJET*OELJ/IMEXIT*•
SA*GAMAJ**BI. bH[R[ A : 0 f rlO.S" AND B : 00E10.S1
r FDRMA111140 9 SW TH[ NOZZLE WILL BE DESIGNED BASED UPON THE'/6199FOL
SLOWING PROTOTYPE PLUME SIMILARITY OATA'1
S rORMAT13X,10E10.S1
6 FORMATIIHO 9 IXg •	PC/Ps	 "JET	 DEW	 GAMAJ	 SP	 $I
7 FORMAi11H0v6M.'THE NOZZLE WILL BE DESIGNED 10 SIMULATE'111X I 'THE F
SOLLOwING FLIGHT CONDITIONS41
0 FORMATIlH0.1X.'	 MINF	 PB/PI	 PC	 PI	 SPNOM	 '1
V rORMATIIJA61
12 rORMA7112A6.A1,121
co
	
PCMAX=MAXIMUM ALLOWABLE NOZZLE CHANGER PRESSURE IPSTAI
C•
	
PC:MIDRANGE VALUE Or NOZZLE CHAMBER PRESSURE USUALLY : PCMAX/2.0
C•
	
PEPBNh : EXPERT MENTALLY OPSERVED VALUE OF PEXIT/PBASE AT WHICH FLOW
C•
	
SEPAFATION OCCURS IN THE NOME
C•
	
PA1M:TOTAL PRESSURE Or WIND TUNNEL IPSIAI
C•
	
GAMAJ:RATIO Or SPECIFIC HEATS Or THE NOZZLE CXHAUSI AT THE PLUME B . OUNOARY
Co	 uAMAE=RATIO OF SPECIFIC HEATS or THE NOZZLE EXHAUST IN THE NOZZLE . [XIS
C•
	
PLANE AT THE NOZZLE LIP
C•
	
GAMAI:RATIO Or SPECIFIC HEATS Of AIR
C•
	
NMACH:ANTICIPATED NUMBER OF FREE STREAM MACH 41':48ERS IN THE TEST P . ROGRAM
C+
	
THAT THE NOZZLE WILL BE DESIGNED FOR
C•
	
NPMRAV:NUMBER OF RAYS IN PROTOTYPE PRANOTL —NEVER EXPANSION DATA
READl5.11NMACN,NSP.NPRINToNPLOT#NNOZF
READ45,12IXFINAI
READIS,121YFINAL
TFINPIOT.E0.0160 10 40
READI!.V11TITLE111.I:10 1
READIS.121XLINE
40 CONTINUE
NNOZ:NMACH
GO TO11091093C104SP
IC CONTINUE
A:.25
B=1.0
GO TO 3S
70 CONTINUE
A:.25
8:.5
GO TO 35
30 CONTINUE
A:0.0 T
8-1.0
35 CONTINUE
A-8
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Subroutine INPUT (Cont'd)
10RIIt16931NMACH
WRITE16.13)Av6
ReActs,21OXNE
R[A016^i1NPNRRY
WRITE16941
WRIVE46961
00 100 1=IINPMRA V
READ15.21 ►PCOPBIIIr►XMJIIIIPOELJIIIrt'GAMAJ111
PSPIII--PXMJIJI*POELJIII14PXME*OAOPGAMAJIj1**B1
WRITE16981 ►►COPBII/tPXMJIIlOPO[LJIII,PGANAJIIII ► SPIII
PPCOPPIII=ALOG(PPCOPSIII)
100 CONTINUE
REAOIS*2IPCNAX,PC,PEOOHNOPATO'GAMAJ,GANAEOGANAI
READI5,2ISCALEOPEXITO'WMAX'TO
WRITE16971
WRITE46941
00 200 l:1•NMACH
REAOIS,2IXMI oil ' PBOPIII I,PPCI I OPPI(1)
IFINPLOT.EO.OIGO TO 110
READI5,911NO201II9II911:19101
REA01591211HEDRPIN'IIoY.196)
110 CONTINUE
PCPB=PPCIl)/IPBOPIIII*PPIIIII
PCPB=ALOGIPCPBI
00 250 J--I.NPHRAY
JS=J
IFlPPCAP9IJlsGT.PCPBIGO TO 2bO
2SO CONTINUE
260 CONTINUE
JT=JS-I
FACTOR=IPCPB-PPCOPBIJTiI/IPPCOPB(JS)-PPCOPBIJTII
$PlfI)=PSP(JTI*FACTOR*IPSPIJSf-PSPIJTII
WRITE169SIXN 111).P80PIIT19PPC11)gPPIIIItSPIIII
200 CONTINUE
RETURN
END
SUBROUTINE ITSUS IFOFY,Y•SAVE,CONVsNTIMESI
THIS SUBROUTINE FROVIDES ITERaTION CONTROL FOR ANY FUNCTION
SAVE(4-71=STORAGE LOCATIONS FOR X AND FOFX
ICONV) - CONVCRGENCE CRITERIA
INTIMES)-MAX NUMBER OF ITERATIONS
DIMENSIONSAVEIS)
N1=SAVE 131 •.1
FOFXCK=SAVE18)
FOFY AND Y ARE DUMMY INPUT ARGUMENTS
FOFX=FOFY
X=Y
CHECK FOR CONVERGENCE
IFIABS IFOFXI-CONV.LE.D.)GOTOIIO
ITIME=SAVE(1)•.I
ITIME CONTROLS THE TYPE CALCULATION TO BE PERFORMED
ITIME=19FIRST TIME THROUGH
ITIME=2,POS FIRST TIKE THROUGH
ITI ME=3#NEG FIRST TIME THROUGH
ITIME=49SOLUTION IS BRACKETED
ITIME=SOSOLUTION HAS CONVERGED
ITIME=6 9 SOLUTION WILL NOT CONVERGE
A-9
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Subroutine ITSUB (C:ont'd)
GOTO110030.5097019I1IME
C	 INITIALIZE
10 N1=1
I1IME-2
rorxCN-FOFx
SAvtisI :For %CM
I ► irorx.0.0.1601050
30 If4fOfx.L1.0-I6otOT0
IFIFOFxCK.GE.rOFxIGOVO3S
SAV1121:-14*SAVE121
x=x-2.•SAVE121
601090
35 SAVE141-x
SAVt151:rorx
I=x-SAVt121
C	 Or ONE VARIABLE
C	 Irorxl-FUNCTION WHICH IS DRIVEN 10 2t R0
C	 III-VARIABLE WHICH IS ITERATIVELY SOLVED FOR
C	 ISAVEI-PRCGRAM CONTROL
C	 SAv ► #11=ITIME
C	 SAVE121=x INCREMENT
C	 SAVE131=COUNTER DENOTING NTH ITERATION
G01090
50 ITIME=3
1rlfOFX.67.0.1601010
IFIFOrxCK-LE-fOFxIGOTO55
SAVE421=-I-*SAV[I2I
x=x.2.•SAVE121
G01090
55 SAVE161=1
SAVE171-rorx
x-10SAVE121
G01090
70 111ME=4
NI=sAVE131
Irlrorx.l1.0. ►601075
$AVE141-x
SAYE IR 1 =f OF x
GOTOOD
75 SAVEIbi-x
SAVE 1 71 =FOf x
C	 P1CI. NEW GUESS FOR x ACCORDING TO TYPE CALCULATION
80 X=SAVE141-SAVEIS:• 11 SAVE161-SAVE1411/tSAVE171-SAVEIS111
90 IF1Nl.GE.NTIMESIGOT0100
N1=Nl-1
SAVE:3I=NI
6010120
100 ITIME=6
60101:0
I I G ITIME=S
SAVE141=x
SAVEI51=rOFx
SAVE161=x
SAVE 171=rorx
120 SAVE111=FL0A713T1MEI..1
r=x
hETURA
END
.!9
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SUSIOUT1NE MACHIGAMMA,P,XNI
604106:4 GAMMA- I.1 /6AMMA
GMI:GAMMA•1.
XM:SQRT12•^1 ► ^^GMl06.1.1IOM11
RETURN
E No
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MOR E
COMMON/XIM/IIILE461
COMMON/CO/NO20410.201
COMMON/COa/NMACM,NSP,NNO2,NPRINIAFL 0T
COMMON/C0$/XMEo120,259201.TMETL012092S.2o19N► t20.251
COMMON/ C09/HEORPI12 , 201,XLINE1121 , XFINA11121,VFINAL1121
COMMON/XHS/IXSHF
DIMENSION XVIT1121,YTIT1121
INTEGER ADARY4221
DIMENSION XAXIS120,251
DATA BLANK/601	 I
DATA IADARV111 0 1: I 0 SI/ • l06 MM 1 "AP O COPY REQUIRED •I
CALL IDENT110S,AOARVI
CALL FRMOCEEII
00 19 1:1920
00 18 J=1,12
HEDRPIJ,II:BLANP
18 CONTINUE
19 CONTINUE
CALL DESIGN
IFINPLOT.EQ.DIGO TO 209
C•	 LEAD FRAME IDENTIFIES NOZZLE DESIGN PRORLEM AND NO27LE FAMILY NUMD
CALL rIRSTINNOJI
DO 2U0 K:1,NMACH
•	 DETERMINE PLOT LIMITS OF HORIZONTAL AXIS
CALL CHECKIXMED,NNO2,NP,XL,XR,K1
C••	 CALCULATE Y AXIS LIMITS
CALL CHECKITHEILO,NNO2,NP,V9,YT,K1
Coo
	 SET THE DEPENDENT VARIABLES
DO 109 I:1,NNO2
N:NPIl,KI
00 108 J:I,N
XAXISII,JI:X"F0(19J,K)
108 CONTINUE
109 CONTINUE
Cs•	 LOAD TITLE FOP AXES
00 699 11=1,12
VTIT1III=XLINElIll
699 XTITIIII:HEDAP121914I
00 ?CC KK.1917
JK:NK
IFIXTITIJKI.E0.8LANKIGO 10 7U1
700 CONTINUE
701 CONTINUE
JK:JK-2
IXSHF:S12•JK*S4
CAc	 PLOT DATA
CALL GRAPHIYT,YB,XR,XL,XAXIS,THEIL011,I9KI,XTIT,YTIT,NP,NNOJ,KI
200 CONTINUE
209 CONTINUE
CALL ENDJOB
STOP
END
A-11
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FuNCT10NNtvlxl
CALLxSCLVIIx,IxjIERI
Nxv:lx
RETURN
ENO
FUNCIIONNTVIV)
CALL TSCLVI IV * IT9IERI
NTv=IT
RETURN
END
SUBROUTINE POINTxIxoT.NSI
EXTERNAL 1ABL4W
MS:IAPSINSI
CALL CHSIZV43931
Ix: NxVIxI
1T:NTVITI
Nr•_Ix- 6
Nc.IT-9
CALL VC4ARVI9,'.T.'^'x#NT,MSoTABLYVI
CALL CNSIZ R. 1.3i
RETURN
E NG
SUBROUTINE PNATIOIGAMMA,XM,PRI
GM102:IGAMMA-Li7l/2.0
GOGMI:GAMMA/If.AMMA-1.0)
Pfi:Il.O#GM102#xMoxM1*0G06M1
RETURN
E NO
SUBROUTINE PRN0IGAMMA,xM,PM1
GPIGMI= IGAMMA*1.1/IGAMMA-161
G^1Gi'1^1./GPlGM1
xMSI:xM +xM - I.
FA_SCFTIGMIGPI*XMSI1
FP=SORTIXMSll
FC=SGFT(GP1GM11
PM:FCOATAN(FAI-ATANIF81
PM=PMs57.2957795
RETURN
ENO
A-12
sLNTLR
SPAROUTIIIE SPRMOEIJ"All
t^'^•QOM/C01 /iAMAJ^iAMA[.iAMA1^PAtM^A^{
COd4"ON/CO2lPCMAxl ►LP{PNgPC
COMMON/ CO!/NMACH Asp ANO21NPRINTONPLOI
COMMON/Coo/S ► 112019P{OPt1201oxMI1201g ►11201
COMMON/COS/ ► t0► I1201o ►COP11:010 ►CO►{1201$xMJ120/o ►NJ1201
COMMON/C06/ ► CO►E120.251•xME120.261O ►N[12002SI.AOAS1:0I2SII
SO(LTAJ1209251.tNETL120.251O ►[0P112002S1• ►EO►{t200251
COMMON/C0?/SCAL(vPExItD.W"AXvTO
COMMON/COS/xME0120o25.2n1.iHETL012002592019NP12012t1
DIMENSION DENOMI?0$2SIoP000 ► I12002810 ►CUOP{120t2SItx"JNAx1209251t
S ►rJNAx1209251 oOELJNX120.25I9SPNAx120.?S)*PCLOP{120,2519
S11PJMIN1209 251•PMJMIN1200251$DELJ14412002SItVPIN1200251
! FORMAiI{t10.Si
3 PORNATII1,10[IO.SI
4 FORMAT11MI 9 11 # 9 0F THE PREVIOUSLY DERIVED NOME FAMILIES, THE FOIL
SOrING NO12llS MAY {E USED 10 SIMULATE THE FLIGHT CONDITIONS')
S FOR11AT121 # 0 01IhF : 6 410 . 5 # '	 WIND TUNNEL P1 : 0 9 11005 1 '	 ab/PI
S 6 0 E100S t '	 SPNOM : 'f[ID.51
t FORNAtlINC)
7 FORMAT11"0 9 IN I ' "EXIT	 LIP ANGLE	 SPMIN	 SPNAX	 PCMAX 91
EXITO : SCALE*PEXI TD
Am i-- i 7. in iS vof xl t0e*2 . 01 /V.0
DO 1u00 R:I9N"ACH
IFINPOINT.[O.0)GO 10 10
WRITE16.4l
WR11E16oSIXI411KloPlIRItPBOP11919SPlI1(I
rRITE16,71
10 CONTINUE
DO 100 I:l.NNO2
WRITE16.61
JJ:O
Nl`fl0l(j:u
00 SJ J=I.J"AX
I fIT HETLII O JI.L[.D.DIGO TO SO
ASTAR:AEXlT/AOAS11.J1
POMAX:Io68* WMAX0$QRTITO ► /ASTAR
IFIPO"Ax.GT.PCMAX ► POMAX:PCMAX
DENO"lltJI--li"tlloJIOOA*GAMAJO*b
C*	 THE FOLLOWING STATEMENTS CALCULATE SPMAX
PCUOPIII#JI:POMAX/PIINI
PCUOPBIIIJ ► :PCUOP1t1,J ► /P6ONIIK ►
C•	 MACH NUMBER ON THE JET POUNDARY - MAXIMUM
CALL 4ACHIGAMAJ,P000PBII.JI.X"JNAXtIoJII
Ce	 JET BOUNDARY TSEN T ROPIC EXPANSION ANGLE - MAXIMUM
CALL PRNDIGAMAJoXMJMAXII.J ► .PMJMAx1I.Jll
C•	 PLUME BOUNDARY INITIAL EXPANSION ANGLE - MAXIMUM
DELJM%t1,J1:THETLII.J ► OPMJMAXII.J1-PMEIIOJI
SPMAXII.JI:XMJMAXIIOJI*OELJMX11,J1/OENONIIOJI
C•	 THE FOLLOWING STATEMENTS CALCULATE SPMIN
PCLOP9lI0J ► :PCOPEII0JI*PEP9"N
C •
	MACH NUMBER ON THE JET BOUNDARY - MINIMUM
CALL MACHIGAMAJ,PCLOPB1IOJIOXNJMINllrJl1
C•	 JET BOUNDARY ISENTROPIC EXPANSION ANGLE - MINIMUM
CALL PRNOIGAMAJoXMJMIN17OJ1•PNJMINIIVJ11
C•	 PLUME BOUNDARY INITIAL EXPANSION ANTLF - MINIMUM
DELJMNII.JI:THEYLII,JIOPMJMINIlli)—PM[IlgiI
SPMINII.JI:XPJMINII.J ► ODELJMNtI.JI/DENOMIIOJI
IFISPIINI . GT .SPM INII.JI 0 5.0.ANO.SPIINI.LT.SPHAXII O J1-S.DIGO TO MOrn fn to
LMSC-HRF:C TR D784111
Subroutine SNRNCIE (C ont'd)
IFINPRINT.EC.OIGO 10 VS
MRITE16131KM( II,JI @ THETLII $ JI,SPM too 1IrJIOSPMAMIIIJ)OPOMAM
IS  CONTINUE
JJ:JJ#1
NPII•NI:N► II*Niel
XPEOPI.JJrMI:XME(I,JI
TNETL011 9 JJ 0 1k 1:1HETLII0J1
so ccNT Iowr
loo CONTINUE
1000 CONTINUE
RETURN
(No
SUBROUTINE TEST
DIMENSION M'+ELF ISO ,THLOFISI.AOASFIb1,DSTARFISI,SAVE111
COMMON/ Col /GA MAJ,GAMAE 11 GA M AI I PA in9Ato
CON" ON/C 0: /FCMAX *PEPBMN •PC
COMMON/COT/SP 1(201, Poop I1201VAn14201,P11201
COMMON/CGT/SCALE,PEMIID,W1'AX,TO
COMMON/ TEST 1/xMELONER, THLI,THLT PTHUT,THU90MAX
CCMMGN1TEST2 /%NOZf
1 FORMA /11HO,1X,'POWER SWEE P OPERATING CHARACTERISTICS fOR EACH Of T
SHE DESIRED FLIGH7 CONDITIONS TO OE SIMULATED IN WINO TUNNEL'/211,01
SESTS IS PhESENTEO BELOW FOR REPRESENT/TIVE NOZZLES THAT EXIST IN T
SHE FINAL ENVELOPE CEFINED ATIOVE.•1
2 fORNA111HD,11H ITSUB WNC SE10.51
3 FORMATIIHC,1x,' NOZZLE
	
MEXIT	 LIP ANGLE	 M! Nor 	PCMIN
S SPMIN	 PCNOM	 SPNOM	 PCMAX	 So"All	 WIND TUNNEL DSTA
SR	 OExIT'/ID51,9PINF91
Y FORMAT 111401
S FORMGTIIA,IS9!X,9El0.S#lX,3E10.S1
6 FCRMAT1IHC,IX,' 04 JETF IS SUBSONIC AND TEMPORARILY SET : 1.10.1
C • 	THIS SUBROUTINE DEIERMIMES THE POWER STEEP OPERATING CHARACTERIS-
C • 	 TICS Of REPRESENTATIVE NO22LES THAT EXIST IN THE FINAL ENVELOPE
C•	 FOR EACH Of THE DESIRED FLIGHT CONDITIONS TO BE SIMULATED IN WIND
C•	 TLNNEI TESTS.
WRITE16,11
WRITE16,31
1"E0FIIi:IXMEL#yMERI/2.0
XMEDF121:XMEDFIII
X"EOF131:XP[DFl1l
XrEDF141:xMEL
1pEDF(S):XMEP
1HLDF121=ITHLI#THU11 /29C
'HLDF131:ITHLb*THUB1/2.0
THLOF(11:I1HLCF12101MLOF1!11/2.0
THL0F14$:ITHLk*TNLT)/2.0
1HLOF151:(THUR*IHUT1/2.0
EXITD:SCALE +PEXITD
AExIT=13.141S9$EXITD$02.0)14.0
DO 1001 I:I,NNOZF
WRITE16,41
Cs NCZIL( EXIT PLANE AREA RATIO AE/A•
CALL AIIAIIO1GAMAE,XMEOFIII,AOASFIIII
ASTAR:AEXIT/AOASF(II
DSTARFIII:EXIID/SORTIAOASFIIII
C•	 MAXIMUM ALLOWABLE CHA48ER PRESSURE FOR A GIVEN NOZZLE SUBJECT TO
C•	 THE TEST FACILITY MASS FLOW CAPABILITY
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LMSC - HR EC TR 0784111
Subroutine TEST (Cont'd)
PONAX:I.6B*WMAX0SORTIT01/ASTAR
DENOMF:XM(DFIII**A*GAMAJ**B
co THE
	
OOLLOWI46 STATEMENTS CALCULATE	 SPMIN
C• NOZZLE LIP ISENTROPIC EXPANSION ANGLE
CALL PRNDIGANAE•XMEDFIIIOPMEFI
C• NOZZLE EXIT PLANE PRESSURE RATIO
	
LC/PE
CALL	 PRATIOIGAMAEvXMEDFIII,PCOPEFI
PCLPBF:PCOPEFAPEPBMN
G• MACH NUMBER ON JET BOUNDARY - MINIMUM
CALL MACMIGAMAJjPCLPBF,XMJMNF)
co JET BOUNDARY	 ISENTROPIC EXPANSION ANGLE
	 - MINIMUM
CALL PRNDIGAMAJgXNJMNF,PNJNNFI
C• PLUME BOUNDARY INITIAL EXPANSION ANGLE - MINIMUM
DEJNNF:TNLOFIII*PMJNNF-PMEF
SPNINF:XMJNNFODEJMNF/DENOMF
DO	 1000	 K=1.KMAX
C• THE	 FOLLOWING STATEMENTS CALCULATE	 SPNAX
PCOPIF:POMAX/PIIKI
PCOPBF:PCOPIF/PBOPIIKI
C• MACH NUMBEQ ON JET BOUNDARY 	 - MAXIMUM
CALL
	
MACHIGAMAJ,PCOPBF,XMJ11XF1
C• JET BOUNDARY	 ISENTROPIC EXPANSION ANGLE	 - MAXIMUM
CALL	 PRNOIGAMAJ,XNJMXFIPMJMXFI
CA PLUME BOUNOAPY INITIAL EXPANSION ANGLE - MAXIMUM
O(JNXF--THL0F111*PMJMXF-PMEF
SPMAXF:XMJMXFODEJMXF/DENONF
C• MINIMUM CHAMBER PRESSURE REQUIRED TO PREVENT FLOW SEPARATION
POMIN;:PCLPV*PBOPIINIAPIINI
C• THE
	
FOLLOWING STATEMENTS CALCULATE THE REQUIRED CHAMBER PRESSURE
C• TO SI MULATE	 THE	 DESIRED FLIGHT CONDITIONS
XMJF:.1.1^XMEQf I I 1
160 CONTINUE
SAVE111:100
SAVE121=.10
TOL:.('S
170 CONTINUE
C• JET	 BOUNDARY	 ISENTROPIC EXPANSION ANGLE
CALL	 PRNOIGAMAJ#XMJF,PMJF)
C• PLUME BOUNDARY INITIAL EXPANSION ANGLE
DELJF=ISP11N)/XHJFI*DENOMF
C• NOZZLE	 LIP ANCLE
THETLP:DELJF•PMEF-PMJF
CTHETL:TMLDFIII-THETLP
CALL	 ITSUBIOTHETLrXMJFtSAVErTOLP1991
11:1FIX(SAVE111s.10)
NI:lFIX(5AVEl!)4-.101
IFIXMJF.GT.I.CIGO
	 10	 11
XMJF=1.10
WRITE16,61
GO	 TO	 ISO
11 CONTINUE
Go	 T01170.17Cr17c,17C.1e0.1751^1I
175 CONTINUE
WR1TL16r21704LOFIIItTHETLP.XMJFgDELJF
180 CONTINUE
C• PLUME BOUNDARY PRESSURE RATIO
	 PC/PB
CALL	 PRATIOIGAMAJ,XMJF,PCOPBFI
PONOM_PCOPSFNPBOPIIKIsPIINI
WRITE16r51IeXMEDF111'THLOF111,XMIIKI,POMIN,SPMINV,PONOM.SPI/Kl,
SPOMAX,SPMAXF,PI(K)•OSTAPFIII,EXITO
1000 CONTINUE
1001 CONTINUE
RETURN
END
TN
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LMSC-HREC TR D784111
SIIDROUTINE XYLIN ISMIN,SMAX,UU9YO,YToDY9N"oDD9NY)
COMMON XN9YNg2N
REAL INC
INTEGER UU900
NN:O
ir1UU.E0.5)GOTO65
IF IUU.E0.11 GO 10 70
YT=O.O
Ve=O .0
xINC=ISMAx-SNINI /10.0
IFIxINC.L1.l.C.ANO.xINC.GE.0.061 GO TO 30
IF(XINC.LI.U.06) GO TO 65
DG 10 1=1.50
NN =I-1
xN=.5
IF12.*10.**1I-11.GT.XINC) GO TO 20
XNcI.
IFIS.+10.*011-II.GT.XINCI GO TO 20
XN=2.
IF11.*IO.0*III.G1.xINC) GO 10 20
IC CONTINUE
2C INC=XN*lO.*oNN
GO TO 60
3C DIFF=114Co10.0
NN=NN#1
INC=.02
IFIDIFf.67.1.51 INC=.05
IFIDIrF.GT.3.01 INC =91
IFIDIFF.GT.7.01 INC =.2
6C CONTINUE
YT=SMAX*AMODIABSISMAXIlIINCOS.II
Vit =SMIN-AMODIASSISMIN ► .iINC+5.11
IFISMAX.61.0.01 VT=SMAXOABSIAM0DIASSISMAXIoIINC*5.11-IINCO5.11
IFISMIN.LT.O.O1 VB=SMIN-ARSIAMOD(ABSISMIN)t(INC*5.11- IINC*5.11
DY=INc
MM =S
Do=1c
NY=4N.3
GO TO 100
65 CONTINUE
A=SMAX*10.
A=IFIXIAI
YT=A/10.*0.1
A=SMIN*lO.
A=IF III AI
VP=A/10.
INC--0.01
GOTOM!
TC DO 80 I=1920
C	 LOG SCALES
C	 THF. SMALLEST VALUE FOR SMAX IS 10*0-4
NNN=I-5
80 IFISMAx.LT.10.00%NNIGO TO 9
9 Y1=10.00*NNN
00 90 1=1920
NNN=10-I
C	 THE LARGEST VALUE FOR SM'IN IS 10•*9
90 I F IS M IN.GT.IU.O**NNN)GO TO 91
91 YB=10.0s*NNN
OY=1.0
MM=1
DO=1
NY=-2
CALL SMXYV (0,1)
ICC CONTINUE
RETURN
END
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